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Foreword 


tremendous  research  and  development  effort  that  went  into  the 
_L  development  of  radar  and  related  techniques  during  World  War  II 
resulted  not  only  in  hundreds  of  radar  sets  for  military  (and  some  for 
possible  peacetime)  use  but  also  in  a  great  body  of  information  and  new 
techniques  in  the  electronics  and  high-frequency  fields.  Because  this 
basic  material  may  be  of  great  value  to  science  and  engineering,  it  seemed 
most  important  to  publish  it  as  soon  as  security  permitted. 

The  Radiation  Laboratory  of  MIT,  which  operated  under  the  super- 
vision of  the  National  Defense  Research  Committee,  undertook  the  great 
task  of  preparing  these  volumes.  The  work  described  herein,  however,  is 
the  collective  result  of  work  done  at  many  laboratories,  Army,  Navy, 
university,  and  industrial,  both  in  this  country  and  in  England,  Canada, 
and  other  Dominions. 

The  Radiation  Laboratory,  once  its  proposals  were  approved  and 
finances  provided  by  the  Office  of  Scientific  Research  and  Development, 
chose  Louis  N.  Ridenour  as  Editor-in-Chief  to  lead  and  direct  the  entire 
project.  An  editorial  staff  was  then  selected  of  those  best  qualified  for 
this  type  of  task.  Finally  the  authors  for  the  various  volumes  or  chapters 
or  sections  were  chosen  from  among  those  experts  who  were  intimately 
familiar  with  the  various  fields,  and  who  were  able  and  willing  to  write 
the  summaries  of  them.  This  entire  staff  agreed  to  remain  at  work  at 
MIT  for  six  months  or  more  after  the  work  of  the  Radiation  Laboratory 
was  complete.  These  volumes  stand  as  a  monument  to  this  group. 

These  volumes  serve  as  a  memorial  to  the  unnamed  hundreds  and 
thousands  of  other  scientists,  engineers,  and  others  who  actually  carried 
on  the  research,  development,  and  engineering  work  the  results  of  which 
are  herein  described.  There  were  so  many  involved  in  this  work  and  they 
worked  so  closely  together  even  though  often  in  widely  separated  labora- 
tories that  it  is  impossible  to  name  or  even  to  know  those  who  contributed 
to  a  particular  idea  or  development.  Only  certain  ones  who  wrote  reports 
or  articles  have  even  been  mentioned.  But  to  all  those  who  contributed 
in  any  way  to  this  great  cooperative  development  enterprise,  both  in  this 
country  and  in  England,  these  volumes  are  dedicated. 

L.    A.    DuBRIDGE. 


Preface 


A  RADAR  scanner,  or  antenna  mount,  is  the  assembly  consisting  of  the 
antenna  and  the  mechanism  that  causes  the  radiated  beam  to  scan. 
In  this  volume  we  are  concerned  mainly  with  the  engineering  of  the 
scanner  and  its  housing.  The  electrical  design  of  the  antenna  and  the 
transmission  line  are  discussed  in  Vol.  12  of  the  Radiation  Laboratory 
Series.  Since  the  reader  is  presumed  to  have  an  engineering  back- 
ground, the  discussion  of  radar  antenna  mounts  in  Part  I  deals  only  with 
those  features  of  the  design  which  are  peculiar  to  radar  antenna  mounts. 
The  treatment  is  incomplete  in  two  respects.  There  is  almost  no  refer- 
ence to  equipment  operating  at  wavelengths  longer  than  10  cm,  and  there 
is  little  discussion  of  scanners  that  were  not  developed  at  the  Radiation 
Laboratory.  These  omissions,  particularly  the  latter,  should  not  be 
regarded  as  indication  of  editorial  complacency ;  they  result  from  lack  of 
information  by  the  authors.  Many  valuable  radar  systems  and  radar 
antenna  mounts  have  been  devised  for  use  at  20  cm  and  longer  wave- 
lengths; many  have  been  developed  by  industry  and  the  armed  services. 
These  systems  get  only  passing  mention  or  none  at  all  because  of  our 
reluctance  to  write  about  unfamiliar  topics. 

It  has  been  necessary  to  omit  much  pertinent  material  for  rea- 
sons of  military  security.  The  editors  have  sought  to  include  as  much 
technical  information  as  permissible  and  the  advisory  group  on  security 
has  been  cooperative.  Deletions  and  revisions  had  to  be  made  in  the 
proof,  however,  in  accord  with  recommendations  of  the  final  review  board 
and  it  was  not  possible  at  the  late  date  to  smooth  out  the  resulting  gaps 
by  thorough  revision.  The  editors  regret  the  deletions  but  believe  that 
the  material  which  remains  will  prove  to  be  of  value. 

Part  I  is  written  largely  for  the  mechanical  engineer;  in  Part  II  elec- 
trical considerations  predominate.  This  second  part  is  the  first  compre- 
hensive discussion  of  radomes,  the  plastic  enclosures  for  antennas. 
Radome  development  has  opened  a  new  field  of  electromechanical 
engineering.  Because  the  electrical  aspects  are  less  familiar,  they  are 
more  fully  treated  here. 

All  the  authors  wrote  as  staff  members  of  the  Radiation  Laboratory. 
Their  contributions  are  indicated  in  each  chapter.  The  book  was 


X  PREFACE 

planned  and  guided  through  several  stages  of  revision  by  W.  M.  Cady 
and  M.  B.  Karelitz;  after  their  departure  in  February  1946,  L.  A.  Turner 
took  over.  M.  B.  Karelitz  assumed  the  principal  responsibility  for  edit- 
ing the  chapters  on  ground-based  and  shipborne  antenna  mounts;  W.  M. 
Cady  for  the  airborne  scanners;  and  L.  A.  Turner  for  Part  II  on  radomes. 

The  techniques  of  preparing  the  volume  were  in  the  hands  of  Louise  P. 
Butler,  Betty  S.  Kafasik,  Martha  T.  Romanak  and  Joyce  H.  Randall. 
The  multiple  authorship  and  the  changes  of  editorial  staff  that  occurred 
while  the  volume  was  being  prepared  are  doubtless  reflected  in  some  lack 
of  homogeneity.  We  hope  that  this  will  not  interfere  with  the  usefulness 
of  the  book. 

The  nature  of  the  development  work  at  Radiation  Laboratory  has 
been  so  highly  cooperative  that  very  often  the  originators  of  an  idea  are 
unknown  and  credit  cannot  be  given.  It  is  the  labor  of  these  anonymous 
workers  that  we  most  wish  to  acknowledge,  for  they  are  the  ultimate 
authors.  Throughout  the  writing  and  editing  of  the  volume  we  have 
benefited  from  the  friendly  criticisms  of  many  of  our  colleagues  in  this 
Laboratory. 

The  publishers  have  agreed  that  ten  years  after  the  date  on  which  each 
volume  in  this  series  is  issued,  the  copyright  thereon  shall  be  relinquished, 
and  the  work  shall  become  part  of  the  public  domain. 

THE  AUTHORS. 

April,  1948. 
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PART  I 

RADAR  SCANNERS 


CHAPTER  1 
USES  OF  RADAR  SCANNERS 

BY  M.  B.  KARELITZ 
INTRODUCTION 

A  scanner  or  antenna  mount  is  an  essential  part  of  every  radar  set. 
Its  function  is  to  support  the  antenna  and  to  direct  the  radiation  in  space 
in  a  manner  dictated  by  the  operational  use  of  the  set.  The  scanner  also 
receives  the  reflected  energy  from  targets  or  terrain  under  surveillance  and 
provides  means  for  presenting  information  regarding  the  bearing  angle, 
range,  and  sometimes  height  of  the  target. 

There  is  a  wide  variety  of  radars  for  land,  ship,  and  airborne  instal- 
lations. No  other  part  of  the  set  varies  so  much  in  its  design  as  the 
mount,  and  it  is  the  mount  that  may  to  a  great  extent  impose  limitations 
on  the  performance  and  various  uses  of  the  set.  Although  the  size  and 
weight  of  the  antenna  mount  are  important  factors  in  any  set,  it  is  evi- 
dent that  they  are  not  so  critical  for  ground  and  ship  installations  as 
they  are  for  those  in  an  airplane. 

THE  SCANNER  IN  USE 

1-1.  Surface-based  Antenna  Mounts. — The  primary  function  of  sur- 
face-based search  radar  is  to  provide  early  warning  of  approaching  air- 
craft. Maximum  coverage  of  scanned  space,  good  resolution,  and  long 
range  of  detection  are  essential  to  its  proper  performance.  As  will  be 
seen  later,  high  power  and  large  antennas  are  required  to  accomplish 
these  results.  Early-warning  mounts  are  therefore  large  and  are  usually 
permanently  installed  on  high  ground  or  towers  in  order  to  clear  sur- 
rounding obstructions.  When  the  mounts  are  used  in  warfare  for  early 
warning  and  voice'  control  of  friendly  airplanes  in  forward  areas,  pro- 
visions for  rapid  dismantling  and  reassembly  are  essential.  This  feature 
of  the  mount  becomes  of  still  greater  importance  in  portable  early-warn- 
ing and  height-finding  ground  radars  of  limited  range  suitable  for  use 
near  combat  areas.  Some  mounts  are  installed  on  heavy  trailers  for 
greater  mobility. 

Height-finding  is  essential  for  control  of  air  traffic.  In  some  antenna 
mounts  the  search  and  height-finding  features  are  combined;  this  neces- 
sarily makes  them  more  complicated  to  construct.  Other  height-finding 
radars  have  been  built  to  supply  the  existing  early-warning  stations  with 


4  USES  OF  RADAR  SCANNERS  [SEC.  1-3 

height  information.  The  essential  feature  of  mounts  for  height-finding 
radars  of  this  type  is  their  capability  of  being  trained  rapidly  on  a  target 
located  by  the  search  radar  to  establish  the  elevation  angle  of  the  target. 

A  ship-based  radar  performs  all  the  functions  required  of  a  ground 
radar  and,  in  addition,  is  called  upon  as  an  important  aid  to  navigation. 
The  so-called  "surface-search"  radar  is  the  most  common  type  found  on 
a  ship.  The  necessity  of  placing  the  ship  antenna  mounts  at  mast  height 
imposes  a  very  definite  limitation  on  their  size  and  weight,  since  the 
stability  of  a  ship  is  affected  by  topside  weight  and  by  increased  wind 
forces  that  impose  increased  overturning  moments.  Except  for  a  few 
portable  emergency  sets,  most  antenna  mounts  of  ship  radars  are  fixed 
installations  continuously  exposed  to  the  elements  and  required  to  per- 
form their  function  without  interruption  24  hr  a  day. 

1-2.  Airborne  Scanners. — Airborne  scanners  are  also  fixed  installa- 
tions, commonly  mounted  in  the  nose  or  tail  of  an  aircraft,  in  faired-in 
enclosures  below  the  fuselage,  or  on  the  wing.  These  enclosures,  or 
radomes,  are  built  from  materials  transparent  to  microwave  radiation. 
The  operation  of  airborne  scanners  is  not  nearly  so  continuous  as  that  of 
surface  radars,  but  airborne  scanners  are  subject  to  more  severe  vibra- 
tion and  shock  and  to  rapid  and  extreme  variations  of  pressure  and 
temperature. 

There  are  many  types  of  airborne  scanner  for  microwave  radars 
suitable  for  navigation,  bombing,  night-fighting,  gunlaying,  and  early 
warning.  Of  these,  the  scanners  for  navigation  and  bombing  are  the 
most  widely  used.  In  these  scanners  a  beam  in  the  shape  of  a  vertical 
fan  sweeps  continuously  around  and  illuminates  in  turn  the  ground 
objects  that  lie  at  various  azimuth  angles.  The  advantage  of  this  beam 
over  a  "pencil"  beam  is  that  it  allows  search  of  the  foreground  as  well 
as  of  the  more  remote  parts  of  the  terrain.  In  the  most  recent  naviga- 
tion radars  the  antenna  is  stabilized  so  that  its  scanning  is  not  affected  by 
maneuvers  of  the  aircraft. 

1-3.  Nonradar  Scanners. — Scanners  are  also  employed  for  various 
nonradar  applications  on  ground,  ship,  and  airborne  installations.  They 
are  an  essential  part  of  countermeasure  equipment  such  as  locators  of 
enemy  radar  and  communication  stations  and  of  jamming  equipment  that 
neutralizes  the  effectiveness  of  enemy  radars.  Although  IFF  (identifica- 
tion of  friend  or  foe)  equipment  can  have  an  independent  mount,  it  is  at 
times  combined  with  the  radar  antenna  mount. 

From  the  preceding  superficial  enumeration,  it  is  evident  that  it  will 
not  be  possible  in  this  book  to  cover  the  design  of  every  conceivable 
scanner  or  mount  that  might  be  required  for  a  specific  application.  The 
scope  of  the  book  is  therefore  limited  to  microwave  radars  only,  the  main 
characteristic  of  which  is  a  sharp  beam  permitting  good  resolution  and 
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good  bearing  accuracy.  To  attain  the  desired  results  and  obtain  the 
desired  accuracy  of  the  data  presentation,  precision  is  required  in  the 
design  and  manufacture  of  both  antennas  and  mounts. 

ELEMENTS  COMMON  TO  ALL  SCANNERS 

Regardless  of  their  particular  form  and  function,  most  radar  scanners 
or  mounts  have  certain  components  in  common.  These  components, 
varied  in  their  design,  are  the  antenna,  r-f  transmission  lines  and  their 
power-driven  supports,  and  the  means  for  transmission  of  data. 

14.  Antenna. — The  microwave  energy  from  the  r-f  oscillator  travels 
along  a  transmission  line  to  the  antenna.  Typically,  the  antenna  con- 
sists of  two  parts:  the  antenna  feed  or  termination  of  the  transmission 
line  and  the  parabolic  reflector.  The  effect  of  a  parabolic  antenna  is 
similar  to  that  of  a  searchlight  in  that  it  sends  out  energy  in  a  beam.  The 
feed  takes  the  place  of  the  lamp,  and  the  antenna  reflector  that  of  the 
parabolic  searchlight  mirror. 

In  certain  antennas  the  feed  may  consist  of  an  array  of  radiating 
elements.  The  reflector  may  be  of  a  shape  other  than  parabolic,  or  it 
may  be  entirely  absent. 

Two  forms  of  parabolic  reflectors  are  used:  cylindrical  parabolas 
associated  with  a  linear  feed  and  paraboloids  of  revolution  which  may  or 
may  not  be  trimmed  to  a  special  contour.  A  reflector  of  the  latter  type 
requires  a  feed  that  is  a  point  source  placed  at  its  focal  point.  The  width 
and  shape  of  the  resultant  beam  of  energy  depends  on  the  wavelength  of 
the  radiation  and  the  size  and  shape  of  the  paraboloid.  A  complete 
paraboloid  transmits  a  concentrated  symmetrical  pencil  beam,  whereas 
a  cut  or  distorted  paraboloid  transmits  a  fan  beam  wider  in  one  direction 
than  in  the  other.  The  source  of  energy  may  be  in  the  form  of  one  or 
several  dipoles,  a  pillbox,  a  slotted  diaphragm  (Cutler  feed),  or  a  horn 
terminating  the  transmission  line.1 

1-6.  Transmission  Line. — The  r-f  transmission  line  used  in  10-cm- 
band  radar  scanners  or  mounts  may  be  a  rigid  coaxial  line  or  a  waveguide. 
Waveguide,  a  thin-walled  rectangular  or  round  tubing,  has  the  inherent 
advantages  of  simplicity,  rigidity,  and  ability  to  conduct  a  larger  amount 
of  energy  without  internal  arcing.  For  3-cm  or  higher  frequency  radia- 
tion, rectangular  waveguide  is  used  almost  exclusively,  since  the  outside 
dimensions  of  the  guides  are  small.  It  is  desirable  to  avoid  the  use  of 
long  lines  because  (1)  the  attenuation  per  meter  is  appreciable,  (2)  the 
" long-line  effect"2  may  cause  instability  of  the  magnetron  transmitter, 

1  Antennas  are  fully  discussed  in  Vol.  12  of  this  series,  Microwave  Antenna  Theory 
and  Design. 
•    '  See  Glossary. 
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(3)  the  installation  and  cleaning  of  a  long  line  is  troublesome,  and  (4) 
in  airborne  scanners  weight  is  at  a  premium. 

Table  1-1  presents  some  data  on  transmission  lines.  The  values  of 
attenuation  in  this  table  are  calculated  for  copper  transmission  line;  with 
brass  and  aluminum  the  loss  is  about  doubled.  The  calculations  agree 
fairly  well  with  experimental  results.  The  maximum  length  tabulated  is 
that  which  may  potentially  cause  the  long-line  effect  in  a  typical  applica- 
tion. In  a  coaxial  line,  the  inner  conductor  is  usually  supported  by  metal 
side  arms  soldered  to  projections  on  the  outer  conductor  (stub  supports). 

TABLE  1-1. — SOME  PROPERTIES  OF  TRANSMISSION  LINES 


Wavelength 
band,  cm 

Size  of  line,  in. 

Mode 

Attenuation, 
db/m 

Recommended 
maximum 
length,  m 

1 

Guide  0.5  X  0.25 

TElo 

0.35 

2 

0.040  wall 

3 

Guide  1.0  X  0.5 

TElo 

0.12 

5 

0.050  wall 

3 

Guide  1.25  X  0.625 

TE10 

0.072 

5 

0.064  wall 

3 

Guide  1&  ID,  round 

TM01 

8-10 

Guide  3  X  1.5 

TE10 

0.020 

5 

0.080  wall 

10 

Guide  3  ID,  round 

TEn 

0.014 

5 

10 

Coaxial  0.875  OD 

TEM 

0.075 

8 

0.032  wall 

0.375  diam  inner  conductor 

10 

Coaxial  If  OD 

TEM 

0.04 

7 

0.049  wall 

0.625  diam  inner  conductor 

8 

Coaxial  1J  OD 

TEM 

0.05 

6 

0.049  wall 

0.500  diam  inner  conductor 

Special  rotary  joints  in  the  line  are  required  to  enable  it  to  pass 
through  the  moving  axes  of  the  scanner  or  to  rotate  the  feed.  Transition 
sections  are  necessary  to  join  the  cylindrical  sections  of  the  rotary  joints 
to  the  rectangular  waveguide. 

It  should  be  noted  that  the  dimensions  of  rotary  joints  and  the  length 
of  round  waveguide  or  coaxial  line  at  the  rotary 'joints  are  critical  and 
•must  be  properly  chosen  so  that  standing  waves  are  not  set  up  in  the  line 
by  complete  or  partial  reflection  of  energy.  When  standing  waves  are 
present,  there  is  a  variation  of  the  amplitudes  of  the  voltage  and  current 
along  the  line  with  alternating  maxima  and  minima.  In  a  properly 
designed  transmission  line,  the  ratio  of  the  maximum  to  minimum  voltage 
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(standing-wave  ratio)  should  not  greatly  exceed  1.2.  Each  rotary 
joint  in  the  r-f  line  causes  a  small  energy  loss  varying  from  0.1  to  0.3  db. 

Where  separable  sections  of  waveguide  are  bolted  together,  special 
choke  couplings  are  required  to  prevent  arcing  and  leakage  of  energy  into 
space  at  the  joints.  The  efficiency  of  the  transmission  line  decreases 
with  its  length  and  with  the  number  of  rotary  joints  employed.  It  is 
therefore  advantageous  to  place  the  transmitter  so  that  it  will  move  with 
the  antenna,  thus  shorten  the  line,  and  eliminate  one  to  three  rotary 
joints.  This  may  be  feasible  on  some  ground  and  shipborne  radar  sets 
but  is  difficult  to  accomplish  on  airborne  scanners. 

The  presence  of  moisture  inside  the  transmission  line  increases  its 
attenuation  and  tendency  to  arc  over.  To  prevent  condensation  that 
may  be  caused  in  the  line  by  rapid  temperature  variations  and,  especially 
in  airborne  equipment,  to  prevent  arc-over  because  of  the  reduction  of 
the  atmospheric  pressure  at  high  altitudes,  the  transmission  line1  can  be 
pressurized  by  keeping  it  filled  with  dried  air  at  a  pressure  slightly  above 
atmospheric. 

1-6.  Scans. — Depending  on  their  operational  use  or  function,  different 
radar  sets  may  require  different  space  coverage.  The  cyclic  geometric 
pattern  described  by  the  beam  emerging  from  the  antenna  as  it  covers 
the  surrounding  space  is  known  as  the  "scan";  from  this  comes  the  word 
"scanner." 

Most  surface-based  sets  for  surface  or  air  search  radiate  a  beam  narrow 
in  the  horizontal  plane  and  fanned  out  in  the  vertical  plane.  The  same 
is  true  for  airborne  surface-search  radar.  The  360°  circular  or  horizon 
scan  obtained  by  continuous  rotation  of  the  antenna  about  its  vertical 
axis  will  thus  cover  solidly  a  portion  of  space  surrounding  the  antenna. 
When,  instead  of  rotating  continuously,  the  antenna  oscillates  about  its 
vertical  axis  through  a  small  angle  of  an  arc,  sector  scan  is  obtained.  The 
usual  rate  of  circular  or  sector  scan  for  ground-  or  ship-search  sets  is  4  to 
6  rpm.  The  rate  of  rotation  of  airborne  scanners  may  be  as  high  as  30 
rpm. 

Another  simple  scan  widely  employed  in  gunlaying  or  fire-control 
radars  is  the  conical  scan  which  may  be  obtained  by  rapid  rotation  of  a 
feed  whose  axis  is  slightly  offset  from  the  axis  of  rotation.  The  path 
described  by  the  conically  scanning  beam  is  a  circle  of  about  a  beamwidth 
in  diameter. 

The  simple  scans  are  those  in  which  the  beam  sweeps  repeatedly  with 
but  one  degree  of  freedom.  Radars  employing  simple  scan  are  used  in 
establishing  the  range  of  the  target  and  only  one  of  its  angular  coordinates, 
usually  bearing.  When  an  additional  coordinate,  such  as  elevation  angle 

1  For  further  information  on  transmission  lines  the  reader  is  referred  to  Waveguide 
Handbook,  Vol.  10  of  this  series. 
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or  height  of  the  target,  is  required  for  obtaining  the  exact  location  of  the 
target  in  space,  the  motion  of  the  transmitted  beam  must  have  two  degrees 
of  freedom;  a  complex  scan  results.  Complex  scan  is  also  required  when 
greater  and  more  rapid  space  coverage  is  necessary  than  can  be  obtained 
by  means  of  a  simple  scan.  Thus,  conical  scan  is  often  combined  with 
horizon  or  sector  scan.  The  resulting  motion  of  the  beam,  known  as 
11  Palmer  scan,"  is  used  in  radar  to  facilitate  its  locking  in  on  a  target 
encountered  during  search. 

By  slowly  elevating  and  lowering  the  antenna  between  limits  while  it 
rotates  more  rapidly  about  its  vertical  axis,  a  helical  scan  is  obtained. 
Any  desired  zone  of  the  surrounding  sphere  may  thus  be  covered  by  a 
pencil  beam. 

Spiral  scan  is  another  complex  motion  of  the  beam  used.  This  motion 
is  a  rapid  conical  scan  in  which  the  diameter  of  the  circle  described  by  the 
beam  is  continuously  varied  from  0°  to  a  maximum  of  possibly  60°  and 
back  to  0°. 

Although  these  briefly  described  scans  are  most  commonly  employed, 
other  complex  scans  may  be  devised  to  satisfy  the  requirements  of  scan- 
ning coverage  and  data  presentation  called  for  in  the  functional  design 
of  the  set. 

1-7.  Kinematics  of  the  Scanner. — Electromechanical  means  must  be 
provided  to  support  and  impart  scanning  motion  to  the  antenna  and  to 
transmit  the  position  of  encountered  targets  to  the  indicating  instruments. 
This  is  the  function  of  the  pedestal,  or  mount.  The  complete  assembly 
of  the  pedestal  and  antenna  is  known  as  the  antenna  mount  for  ground- 
based  and  shipborne  radars  or  as  the  scanner  for  airborne  radars.  A 
simple  search  radar  requires  a  pedestal  consisting  of  a  single  vertical 
spindle  (azimuth  axis)  capable  of  rotating  in  its  bearings.  Pedestals  for 
surface-based  radars  with  a  complex  scan  must  have  an  additional  eleva- 
tion axis,  supported  by  and  rotating  with  the  azimuth  axis,  to  permit 
angular  displacement  of  the  antenna  in  elevation. 

Additional  servo-driven  axes  of  rotation  may  be  provided  in  stabilized 
mounts  to  maintain  the  azimuth  axis  of  the  antenna  in  a  horizontal  plane 
even  when  the  ship  or  airplane  is  rolling  and  pitching. 

Provision  must  be  made  in  the  mount  for  carrying  electric  power  to 
all  motors,  data  take-offs,  electronic  equipment,  limit  switches,  interlocks, 
heaters,  etc.,  that  may  be  located  on  the  rotating  parts.  Slip  rings  and 
contacting  brushes  are  most  commonly  used  for  this  purpose.  More 
than  one  hundred  slip  rings  are  required  on  some  antenna  mounts. 
Flexible  cables,  attached  at  one  end  to  the  stationary  part  and  at  the 
other  to  the  moving  part  of  the  pedestal,  may  be  employed  when  rotation 
of  the  azimuth  axis  involves  only  a  part  of  a  revolution  or,  at  most,  ohe 
or  two  revolutions  in  one  direction  of  rotation. 
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1-8.  Data  Transmission. — The  angular  position  of  the  antenna  in 
space  must  be  accurately  known  at  all  times  if  the  coordinates  of  the  tar- 
get or  of  prominent  features  of  the  surveyed  terrain  are  to  be  indicated. 
This  is  accomplished  by  introducing  into  the  antenna  mount  a  data- 
transmission  system  coordinating  the  movement  of  the  antenna  beam 
with  the  motion  of  the  sweep  on  the  cathode-ray  tube  screen  of  the 
indicators  or  by  indicating  the  antenna  position  on  remote  dials.  The 
data  indicating  the  direction  and  elevation  of  the  antenna  on  its  mount 
or  the  angular  position  of  the  rotating  feed  are  most  often  transmitted  as 
variable  voltages.  Potentiometers  or  sine-wave  generators  are  occa- 
sionally used,  but  self-synchronous  units,  generally  known  as  "synchros'7 
(or  by  their  trade  names  of  Selsyns,  Autosyns,  etc.),  are  more  commonly 
used  for  data  transmission.  The  simplest  form  of  the  synchro  system 
consists  of  a  generator,  or  transmitter,  geared  to  the  rotating  axis  of  the 
mount  and  electrically  connected  with  a  motor,  or  receiver,  driving  a 
remotely  located  dial  or  coil  of  the  indicator.  Whatever  the  rotation  of 
a  synchro  generator  may  be,  it  is  duplicated  by  that  of  the  synchro  motor, 
which  assumes  an  angular  position  very  nearly  the  same  as  that  of  the 
generator.  If  accuracy  better  than  0.5°  is  desired,  the  generator  should 
be  driven  from  the  input  shaft  by  step-up  gearing,  and  the  motor  should 
drive  the  output  shaft  through  step-down  gearing  of  the  same  ratio. 
The  synchro  error  is  thus  reduced  in  proportion  to  the  gear  ratio  used. 
Cam  switches  must  be  added  on  the  mount,  however,  and  also  on  the 
indicator  to  prevent  locking  in  of  the  motor  when  it  is  out  of  step  with 
the  generator  during  the  starting  of  the  pedestal.  This  limits  the  possible 
speed-up  of  the  synchro  drive  with  respect  to  the  rotating  axis  to  about 
12  to  1.  Ten-speed  indicators  have  been  commonly  used. 

If  it  is  desired  to  have  the  angular  position  of  an  output  shaft  equal  to 
the  sum  or  difference  of  the  angular  positions  of  two  input  shafts,  differ- 
ential synchros  are  used. 

When  high  accuracy  is  desired,  two  pairs  of  synchros  are  used  in  the 
data-transmission  system  of  a  servo-driven  antenna  mount.  One  pair, 
geared  to  a  higher  speed,  often  36-speed,  is  used  for  fine  indication  of 
error;  another  pair,  geared  1  to  1,  or  at  1-speed,  is  used  for  coarse  indica- 
tion of  error.  This  pair  of  synchros  prevents  the  output  and  input 
shafts  from  locking  in  out  of  step  during  interruption  and  restoration  of 
power. 

These  simple  synchro  systems  transmit  angular  motion  without  torque 
amplification  and  are  subject  to  error  if  the  output  shaft  is  overloaded. 
To  avoid  this,  servomechanisms  (motor  control  systems  with  amplifica- 
tion) are  used.  In  such  a  system  the  load  is  driven  by  a  reversible 
variable-speed  electric  or  hydraulic  motor.  The  speed  and  direction  of 
rotation  of  the  motor  are  controlled  by  the  magnitude  and  sign  of  the 
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error  or  by  the  difference  of  angular  position  of  a  synchro  generator  and 
a  synchro  control  transformer,  geared  respectively  to  the  output  and 
input  shafts.  The  synchro  control  transformer  indicates  this  error  as  a 
voltage  that,  when  amplified,  drives  the  power  motor  in  the  direction 
that  will  reduce  the  angular  displacement  between  the  input  and  output 
shafts  to  zero.  Servomechanisms  are  often  employed  to  drive  radar 
antenna  mounts  and  thereby  enable  the  operator  to  exercise  remote 
control  over  the  direction  of  the  antenna.  They  are  also  employed  for 
stabilizing  ship-  and  airborne  antennas  in  space  and  may  be  controlled 
by  gyroscopic  instruments. 

ANTENNA-MOUNT  FUNCTION  AND  DESIGN 

1*9.  Fundamental  Equations.1  —  In  the  design  of  a  radar  system  the 
most  important  aim  is  to  obtain  both  the  desired  maximum  range  on  the 
target  and  resolution  high  enough  for  separating  closely  spaced  targets. 
These  properties  depend  on  the  detection  of  a  weak  signal  returned  from 
a  distant  reflecting  object.  Transmission  and  reception  are  influenced 
by  the  amount  of  energy  radiated  to  and  reflected  from  a  target,  the 
effective  size  of  the  target,  the  minimum  power  to  which  the  receiver  will 
respond,  and  the  antenna  gain. 

If  the  total  amount  of  power  that  a  transmitting  antenna  could  radiate 
isotropically  or  uniformly  in  all  directions  is  denoted  by  Ptj  the  power  flow 
through  unit  area  at  a  distance  R  from  the  antenna  would  be  P«/4irR2. 
In  microwave  radars,  however,  the  antennas  are  directional  and  radiate 
energy  in  a  concentrated  sharp  beam.  The  ratio  of  the  power  flow 
observed  at  a  distance  R  in  any  direction  from  such  a  directive  antenna 
to  the  power  that  would  be  produced  by  an  isotropic  antenna  radiating 
the  same  amount  of  power  is  known  as  the  "  antenna  gain,"  G.  The 
maximum  gain  of  a  parabolic  antenna  reflector  is  given  by 

C 

= 


where  A  =  area  of  the  parabolic  antenna  reflector  aperture, 
X  =  wavelength, 
F  =  dimensionless  factor. 

If  the  excitation  is  uniform  in  phase  and  intensity  over  the  entire  reflector 
aperture,  F  is  equal  to  1.  In  actual  antennas,  the  value  of  F  is  between 
0.5  and  0.7. 

A  complementary  property  of  an  antenna  is  its  effective  receiving 
cross  section  Ar,  related  to  gain  as  follows: 

*.-%•  » 

1  E.  M.  Purcell,  Radar  System  Engineering,  Vol.  1,  Chap,  2. 
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When  Ar  is  multiplied  by  the  power  density  of  an  incident  plane  wave, 
the  total  signal  power  available  at  the  receiving  antenna  is  obtained. 
If  tr  denotes  the  effective  scattering  cross  section  of  the  target  at  a  dis- 
tance R  from  the  radar  antenna,  then  the  strength  of  the  signal  power 
received  from  it  is  given  by 

8  = 

° 

The  quantity  in  the  first  parentheses  is  the  power  density  of  energy 
reaching  the  target  from  the  transmitter.  The  product  of  this  value 
and  the  quantity  in  the  second  parentheses  is  the  power  density  in  the 
returning  radiation  at  the  radar  antenna.  The  quantity  in  the  last 
parentheses  is  the  receiving  cross  section  of  the  antenna  reflector. 

By  substituting  in  Eq.  (3)  the  value  of  the  maximum  gain  GQj  from 
Eq.  (1),  and  solving  for  R,  the  maximum  range  of  a  radar  set,  the  equation 
known  as  the  "radar  equation"  is  obtained: 


where  RmM  =  the  maximum  range, 
pt  =  power  transmitted. 

A  =  area  of  the  parabolic  antenna  reflector  aperture, 
a  =  effective  scattering  cross  section  of  the  target, 
F  =  dimensionless  factor  (0.5  <  F  <  1), 
Smm  =  minimum  power  to  which  the  receiver  will  respond, 

X  =  wavelength  of  radiation  energy. 

From  this  formula  it  is  seen  that  the  range  depends  directly  on  the 
amount  of  power  radiated,  the  size  of  the  reflector,  and  the  effective  size 
of  the  target  and  inversely  on  the  sensitivity  of  the  receiver  and  the  wave- 
length used. 

The  resolution  of  the  radar  set  depends  upon  the  beamwidth  emitted 
by  the  antenna.  The  beamwidth  produced  by  a  parabolic  reflector 
may  be  expressed  by  an  approximation  derived  from  the  laws  of  wave 
optics  : 

i  2X  X 

6  (radians)  «  ^-;         6  (degrees)  »  70  ^;  (5) 

where  0  =  width  of  beam  between  directions  for  half  power  in  a  plane 
passing  through  the  projected  diameter, 

X  =  wavelength, 

D  =  projected  diameter  of  the  paraboloid  antenna  reflector. 
In  other  words,  the  beamwidth  produced  by  an  antenna  varies  directly 
with  the  wavelength  and  inversely  with  the  linear  dimensions  of  the 

roftarvf.nr 
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1-10.  Examples  of  Design. — When  a  certain  wavelength  is  chosen 
for  the  operation  of  the  radar  set  and  the  electronic  components  such  as 
the  transmitter  and  receiver  are  decided  upon,  the  size  and  shape  of  the 
paraboloid  antenna  reflector  must  be  chosen  to  meet  the  range  and 
beam  width  specifications  as  closely  as  possible.  The  size  and  weight  of 
the  antenna  mount  are  largely  influenced  by  the  size  of  the  reflectors,  the 
size  of  the  r-f  transmission  line  used,  the  kinematical  complexity  of  the 
required  scan,  and  the  operational  use  of  the  set. 

Comparison  of  an  experimental  lightweight  1-cm  shipborne  set  that 
has  high  resolution  and  is  intended  for  navigation,  and  a  surface-search 
set  with  a  small  3-cm  portable  height-finder  set,  AN/TPS-10  ("Little 
Abner"),  will  serve  as  illustration. 

The  pulse-power  output  of  the  transmitter  of  the  1-cm  set  is  40  kw. 
For  good  resolution  on  surface  targets  and  shore  line,  a  beam  that  is  sharp 
in  the  horizontal  section  is  required.  Since  the  mount  is  not  stabilized, 
it  must  have  a  fan  beam  that  is  wide  in  the  vertical  section  in  order  to 
avoid  a  loss  of  targets  because  of  the  rolling  and  pitching  of  the  ship. 
A  beam  width  0.7°  in  azimuth  and  10°  in  elevation  is  obtained  with  an 
antenna  consisting  of  a  horn  feed  and  a  paraboloidal  reflector  1\  in.  high 
by  58  in.  wide.  The  small-size  reflector  permits  the  use  of  a  solid  surface 
without  incurring  high  wind  resistance.  It  is  mounted  on  a  simple 
single-axis  pedestal  that  permits  horizon  scan  at  6  or  0.6  rpm.  Although 
the  antenna  mount  is  long-lived,  compact,  and  able  to  withstand  the 
action  of  the  elements,  it  weighs  only  75  Ib. 

On  the  other  hand,  AN/TPS-10,  being  primarily  a  height-finder  with 
an  antenna  oscillating  through  an  angle  of  25°  at  a  rate  of  60  cpm, 
requires  a  beam  narrow  in  the  vertical  plane  for  accurate  determination  of 
the  angular  position  of  the  target  in  elevation.  A  beam  fairly  wide  in 
the  horizontal  plane  is  nfeeded  to  facilitate  training  the  antenna  on  a 
target  previously  discovered  by  an  associated  search  set.  In  order  to 
detect  aircraft  at  a  range  sufficiently  great  for  ground  control  of  inter- 
ception, GCI,  and  to  track  the  aircraft  with  comparatively  little  inter- 
ference from  rain  clouds,  3-cm  radiation  is  used.  A  horn-fed  reflector 
10  ft  high  by  3  ft  wide  is  required  to  obtain  a  beam  0.7°  wide  in  elevation 
and  2°  wide  in  azimuth. 

Because  the  r-f  pulse  power  of  the  AN/TPS-10  transmitter  is  only  60 
kw,  transmission-line  losses  must  be  kept  to  a  minimum.  The  r-f  trans- 
mitter and  modulator  are  therefore  placed  on  the  rotating  part  of  the 
mount  so  that  the  waveguide  line  is  short,  with  only  a  single  rotary  joint 
at  the  elevation  axis  of  the  mount.  Since  the  transmitter  and  modulator 
rotate  together,  there  is  no  need  for  a  rotary  joint  in  the  pulse  cable 
between  the  modulator  and  the  transmitter. 

An  open  antenna  reflector  with  a  tubular  grid  surface  is  used  to  cut 


SBC.  1-12J  STABILIZATION  13 

down  the  effect  of  wind  forces;  it  is  rigid  enough  to  withstand,  without 
distortions,  the  dynamic  forces  imposed  on  it  by  the  oscillatory  motion. 
Although  still  in  the  lightweight  class  (portable  when  dismantled),  the 
AN/TPS-10  antenna  mount  with  its  electrical  components  weighs 
1200  Ib.  Other  details  of  this  mount  are  given  in  Sec.  3.6,  and  a  descrip- 
tion of  the  1-cm  mount  is  found  in  Sec.  5-9. 

1-11.  Mounts  with  Two  Antennas. — By  placing  two  antennas  on  the 
same  mount  it  is  possible,  in  certain  cases,  to  obtain  from  a  single  radar 
set  information  that  could  otherwise  be  obtained  only  with  less  efficiency 
from  two  separate  radar  sets. 

Separate  transmitters  and  receivers  for  each  antenna  may  or  may  not 
be  required,  depending  on  the  operational  function  of  the  set.  Thus, 
surface  search  and  zenith  coverage  may  be  obtained  through  a  single 
mount  with  its  transmitter  and  receiver  components  by  the  addition  of 
an  r-f  switch  in  the  transmission  line  on  the  mount,  alternately  feeding 
the  two  separate  antennas.  Two  separate  radar  sets,  the  SG  for  surface 
search  and  SO-11  for  zenith  search,  were  previously  required  to  obtain  the 
complete  coverage  needed  on  aircraft  carriers  or  other  ships. 

When  a  single  antenna  is  used  for  both  search  and  height-finding,  the 
all-important  search  function  is  lost  whenever  the  set  is  used  to  track  a 
target  in  order  to  establish  its  height.  By  installing  two  antennas  with 
two  independent  r-f  systems  on  a  single  mount,  there  is  obtained  a  com- 
bination early-warning,  search,  and  height-finding  radar  set  with  greater 
traffic-handling  capacity  than  would  otherwise  be  possible.  Naturally, 
the  advantage  of  a  mount  with  two  antennas  is  obtained  at  a  cost  of 
greater  complexity.  Greater  efficiency  of  operation  is  gained,  however, 
with  an  over-all  reduction  in  the  amount  of  total  equipment  required. 
This  should  be  especially  important  for  ships  that  have  only  a  limited 
amount  of  space  available  for  radar  equipment. 

1-12,  Stabilization. — Stabilization  of  ship-  or  airborne  antennas  is 
required  for  automatically  maintaining  the  position  of  the  radar  beam  in 
space  despite  the  roll  and  pitch  of  the  craft,  caused  by  execution  of 
maneuvers,  heavy  sea,  or  rough  air.  Stabilization  is  essential  to  obtain 
sufficient  accuracy  of  target  indication  and  to  increase  the  efficiency  of 
the  system.  It  is  a  "must"  for  shipborne  height-finding  radar,  since  an 
error  of  1°  in  indication  of  the  target  elevation  angle  causes  an  error  in 
height  indication  of  over  3000  ft  at  a  range  of  30  miles.  Stabilization, 
however,  greatly  contributes  to  the  complexity  of  antenna  mounts  and 
scanners. 

The  weight  and  cost  of  the  shipborne  radar  antenna  mounts  for  sur- 
face search  are  considerably  increased  by  the  addition  of  servo-driven 
axes  required  to  achieve  stabilization  of  the  radar  beam.  This  results 
in  a  paradox:  Small  ships  require  stabilization  most,  since  they  are  sub- 
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ject  to  large  angles  of  roll  and  pitch  in  a  heavy  sea,  but  small  craft  can 
least  afford  the  increase  in  weight  of  the  radar  installation.  The  majority 
of  stabilized  radar  installations  are  on  large  ships  on  which  the  effect  of 
heavy  sea  is  far  less  violent  than  on  a  small  craft. 

1-13.  Structural  Design. — Rigidity  of  radar  antennas  and  mounts  is 
of  paramount  importance.  This  is  strongly  apparent  in  the  design  of 
antenna  mounts,  since  the  deflection  of  component  parts  under  dynamic 
loading  must  be  kept  within  required  limits.  The  parts  used  may  have 
to  be  heavier  than  necessary  for  strength  alone.  Recourse  is  often  taken 
to  the  utilization  of  structural  sections,  such  as  tubing,  box  sections,  etc., 
with  an  inherently  high  ratio  of  moment  of  inertia  to  weight.  Light 
metals  such  as  aluminum  and  magnesium  are  often  used  to  advantage 
where  their  low  modulus  of  elasticity  is  no  detriment  in  order  to  effect 
a  reduction  in  weight  of  the  antenna  mount.  The  welding  of  light  metal 
castings  and  structural  shapes  is,  however,  more  difficult.  Also,  care 
must  be  taken  to  minimize  the  effect  of  difference  of  temperature  expan- 
sion in  the  assembly  of  parts  made  of  dissimilar  metals. 

Most  radar  antenna  mounts  have  to  perform  under  adverse  climatic 
and  weather  conditions.  Special  precautions  must  therefore  be  taken 
during  the  design  of  antenna  mounts  to  select  corrosion-resistant  materi- 
als and  finishes.  Proper  lubricants  able  to  withstand  large  temperature 
variations  without  separation  or  excessive  change  in  viscosity  must  be 
used  in  order  to  attain  satisfactory  trouble-free  performance  of  the 
mechanisms. 

Past  experience  has  shown  that  the  success  of  a  radar  system  depends 
largely  on  the  proper  performance  of  the  scanner  or  antenna  mount.  It 
cannot  be  too  strongly  emphasized  that  careful  analysis  is  required  of  all 
the  features  that  the  scanner  or  mount  must  possess  for  the  proper 
performance  of  a  particular  set.  Competent  engineers  and  mechanical 
designers  must  then  coordinate  to  the  best  advantage  requirements  that 
may  be  conflicting,  having  always  in  view  the  best  performance  obtainable 
from  the  radar  set  as  a  whole. 
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GROUND  AND  SHIP  ANTENNAS 
By  D.  I).  JACOBUS,  R.  J.  GRENZEBACK,  H.  A.  STRAUS,  M.  B.  KARELITZ 

AND   V.    G.    BRUCE1 
PROPERTIES  OF  REFLECTORS 

Electromagnetic  energy  is  usually  radiated  into  space  by  terminating  or 
tapping  into  a  transmission  line  with  a  suitable  dipole  feed  or  by  terminat- 
ing a  conducting  waveguide  with  a  horn  feed.  The  emergent  energy  is 
then  focused  in  the  form  of  a  concentrated  beam  by  the  use  of  a  reflector 
or  a  special  lens.  In  the  terminology  used  in  this  series  the  word  feed 
includes  not  only  the  radiating  dipole  or  horn  but  also  the  immediately 
adjacent  portion  of  the  transmission  line.  The  antenna  is  properly 
described  as  the  combination  of  a  feed  with  a  focusing  device.  The  only 
focusing  devices  that  will  be  described  in  this  chapter  are  reflectors.  The 
reflectors  used  on  ground  and  ship  installations  are  distinguishable  from 
those  used  on  airborne  equipment  because  they  are  usually  larger  in  size 
and  generally  are  not  shielded  from  wind  forces  by  a  radome  as  are  air- 
borne antennas.  A  discussion  of  considerations  applicable  to  all  micro- 
wave reflecting  surfaces  will  be  attempted  before  describing  the  particular 
reflectors  that  have  found  wide  usefulness. 

2-1.  Reflection  of  Microwave  Radiation. — All  metals  or  continuous 
metalized  surfaces  are  suitable  as  microwave  reflectors.  Aluminum  and 
steel  are  the  metals  most  usually  employed  because  of  their  structural 
properties.  A  smooth  continuous  metallic  surface  is  an  ideal  reflector, 
but  grids  and  screens  are  widely  employed  to  reduce  the  weight  and  wind 
resistance  of  the  antenna. 

A  solid  reflector  should  be  smooth  but  is  still  effective  when  there  are 
local  inequalities  in  the  surface  as  large  as  3  per  cent  of  the  wavelength  of 
the  radiation.  If  there  are  variations,  they  should  not  occur  in  the  form 
of  a  regular  pattern  so  as  to  act  as  a  ruled  grating  and  produce  side  lobes. 

Gratings  or  screens  will  allow  a  small  portion  of  the  incident  radiation 
to  pass  through  the  reflecting  surface.  They  are  therefore  unsuitable  for 
use  on  parabolic  cylinders  employing  linear  arrays  as  feeds,  because  the 
small  fraction  of  radiation  that  leaks  through  the  reflector  will  produce  a 

1  The  greater  part  of  this  chapter  is  by  D.  D.  Jacobus.  Sections  written  by  other 
authors  are  as  follows:  Sec.  2-5,  R.  J.  Grenzeback;  Sec.  2-16,  H.  A.  Straus;  Sees.  2-17 
and  2-18,  M.  B.  Karelitz;  Sec.  2-19,  V.  G.  Bruce. 
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sharp  back  lobe  of  the  same  pattern  as  the  one  that  would  exist  in  the 
absence  of  the  reflector.  They  can  be  used  on  any  of  a  wide  variety  of 
paraboloidal  reflectors,  however,  because  the  radiation  escaping  through 
the  grill  is  not  focused  in  a  sharp  beam.  Even  here,  leakage  of  radiation 
in  excess  of  5  per  cent  is  considered  undesirable. 

2*2.  Structural  Rigidity. — The  primary  mechanical  requirement  affect- 
ing antenna  design,  particularly  with  large  reflectors,  is  structural  rigidity. 
Certain  types  of  airfoil  construction  may  possess  remarkable  combina- 
tions of  lightness  and  strength,  but  their  elasticity  renders  them  unsuit- 
able for  microwave  antennas.  At  a  given  wavelength,  the  width  of  a 
beam  of  radiated  energy  is  inversely  proportional  to  the  projected 
diameter  of  the  reflecting  surface.  With  the  use  of  a  large  reflector  it  is 
possible  to  secure  a  narrow  and  concentrated  beam  of  energy,  i.e.,  an 
antenna  pattern  of  high  gain.  For  example,  with  a  true  paraboloidal 
reflector  (dish)  trimmed  to  a  rectangular  contour  25  ft  wide  and  10  ft 
high  and  illuminated  with  10-cm  radiation,  the  beam  of  radiation  will  be 
elliptical  in  a  section  about  0.8°  wide  and  2°  high.  If  the  reflector  is 
deflected  from  its  true  form  by  so  much  as  1  in.,  the  width  of  the  beam 
will  be  increased  to  about  1.6°,  thereby  halving  the  antenna  gain.  It  is 
obvious,  therefore,  that  distortions  which  are  due  to  the  weight  and  the 
manner  of  mounting  a  reflector  and  to  wind  forces  must  be  eliminated. 
Since  the  absolute  accuracy  of  a  reflecting  surface  is  a  primary  factor 
affecting  antenna  design,  a  brief  study  of  this  problem  will  be  attempted 
in  the  following  analysis. 

2-3.  Allowable  Manufacturing  Tolerances. — A  paraboloidal  reflector 
having  a  surface  of  theoretically  perfect  accuracy  will  produce  an  emer- 
gent beam  whose  width  is  a  function  of  the  wavelength  of  the  reflected 
energy  and  of  the  projected  aperture  of  the  dish  according  to  the  pre- 
viously stated  approximation 

0  «  70  £, 

where  0  is  the  beam  width  parallel  to  the  projected  aperture  in  degrees  at 
the  half -power  level. 

It  is  undesirable  to  specify  that  an  antenna  surface  have  greater 
accuracy  than  is  necessary,  because  close  tolerances  will  increase  the 
weight  of  the  antenna  as  well  as  the  difficulty  of  manufacture.  The 
calculation  of  the  shape  of  the  beam  produced  by  a  surface  that  deviates 
from  a  true  paraboloid  is  complicated.  In  general,  however,  it  can  be 
said  that  if  a  beam  is  to  be  broadened  no  more  than  a  certain  percentage 
of  its  width,  the  permissible  departure  from  the  true  shape  can  be  no  more 
than  a  corresponding  absolute  amount,  regardless  of  the  size  of  the 
reflector  (assuming  that  reflectors  for  the  same  wavelength  are  being 
compared).  Another  way  of  stating  this  is  as  follows:  If  a  large  reflector 


SEC.  2-6]  SOLID  SURFACES  17 

and  a  small  one  are  both  warped  out  of  their  true  paraboloidal  shapes  by 
the  same  number  of  inches,  the  beam  of  the  smaller  one  will  be  broadened 
by  a  greater  number  of  degrees.  The  original  beam  of  the  smaller  reflec- 
tor was  broader,  however,  and  the  percentage  increase  of  beamwidth  will 
be  found  to  be  the  same  for  both  reflectors. 

The  following  considerations  do  not  purport  to  be  a  proof  of  this 
proposition,  but  it  is  hoped  that  they  will  make  it  seem  more  plausible. 
Consider  a  paraboloidal  reflector  that  has  a  horizontal  axis  and  a  hori- 
zontal projected  diameter  D  to  be  rotated  through  an  angle  of  86  radians 
about  a  vertical  line  passing  through  the  center  of  the  dish.  The 
principal  effect  will  be  a  shift  of  the  beam  through  an  angle  2  80  as  with 
a  plane  mirror.  There  will  be  a  broadening  of  the  beam,  but  as  a  second- 
ary effect  that  we  shall  ignore  here.  The  edge  of  the  reflector  will  have 
been  moved  a  distance  X  =  (Z>/2)  50.  The  width  of  the  beam  to  the 
approximation  given  in  the  first  paragraph  of  this  section  is  70A/Z)  degrees 
or  (70/57.3)  (X/D)  radians.  The  ratio  of  the  shift  of  the  beam  to  its 
width  is  thus 


The  ratio  of  angles  is  thus  seen  to  be  proportional  to  the  linear  shift  of 
the  edge  of  the  reflector.  Its  size  dropped  out  when  the  ratio  was  taken. 
A  similar  argument  applies  to  the  parts  of  the  beam  that  must  be  added 
vectorially  to  get  the  resultant  beam  of  a  warped  dish. 

24.  Weight.  —  The  range  of  a  particular  system  [cf.  Eq.  (1-4)]  is 
obviously  improved  by  the  use  of  larger  reflecting  surfaces.  On  the  other 
hand,  rigid  weight  limitations  are  generally  imposed  on  the  same  system. 
This  is  particularly  true  of  ship  antennas,  the  location  of  the  antenna  at 
the  masthead  requiring  a  light  mount.  It  is  also  true  of  land-based 
portable  equipment  and  especially  of  antennas  that  must  be  oscillated 
rapidly.  For  these  reasons,  antenna  construction  strives  for  the  very 
minimum  of  weight  that  is  consonant  with  the  required  structural 
strength,  rigidity,  and  mechanical  durability. 

The  thin-walled  box  girder  and  trusses  built  up  of  light-wall  tubular 
members  have  been  widely  used  in  the  fabrication  of  reflector  supports. 
Aluminum  is  a  common  building  material,  although  very  large  antennas 
can  advantageously  be  constructed  of  light-wall  steel  tubing  because  of 
the  high  modulus  of  elasticity  of  steel  as  compared  with  aluminum. 
Thin-walled  stainless  steel  tubing  is  an  effective  material  because  there 
is  no  danger  of  corrosion. 

TYPES  OF  REFLECTING  SURFACES 

2-5.  Solid  Surfaces.  —  From  purely  electrical  considerations,  a  solid, 
continuous,  metallic  surface  makes  the  ideal  reflector.  There  is  also, 
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within  limits,  an  economic  advantage  accruing  from  the  structural 
simplification  as  compared  with  certain  open-type  surfaces.  Solid 
surfaces  may  profitably  be  employed  when  wind  loading  is  not  a  primary 
factor,  as  with  a  unit  that  is  to  operate  within  a  radome  or  other  shelter 
or  when  restrictions  on  weight  and  power  consumption  are  not  severe. 
Most  surfaces  are  fabricated  from  sheet  metal,  either  steel  or  alu- 
minum alloy.  Paraboloids  are  formed  by  spinning  or  by  pressing. 


FIG.  2-1. — Dimensions  for  spun  paraboloids. 


Spinning  is  the  preferred  method  when  the  quantity  is  small,  because  of 
the  relatively  inexpensive  wooden  forms  used.  Spun  paraboloids,  or 
dishes,  have  been  made  ranging  from  4  in.  to  10  ft  in  diameter.  Figure 
2-1  and  Table  2-1  give  data  for  spun  aluminum  reflectors  of  ten  used  for 
experimental  purposes.  The  rim  of  the  paraboloid  is  spun  back  to  form  a 
stiffening  flange. 

TABLE  2-1. — DIMENSIONS  FOR  SPUN  ALUMINUM  PARABOLOIDS 


D,  in. 

b,  in. 

r,  in. 

r,  in. 

Fj  in. 

Gauge 
No. 

Blank 
diam,  in. 

Weight. 
Ib 

4 

0.80 

I 

1 

1.3 

18 

8 

0.10 

8 

1.20 

A 

1 

2.0 

18 

12 

0.30 

10 

1.74 

rfr 

* 

3.6 

18 

14 

0.45 

12 

2.50 

A 

i 

3.6 

18 

16 

0.60 

16 

2.96 

! 

t 

5.4 

18 

20 

1.00 

18 

3.40 

J 

* 

6.0 

18 

22 

1.25 

18 

3.75 

* 

* 

5.4 

18 

22 

1.25 

20 

4.63 

i 

i 

5.4 

18 

24 

1.50 

24 

4.50 

i 

\ 

8.0 

16 

28 

2.60 

24 

5.00 

i 

t 

7.2 

16 

28 

2.60 

30 

5.30 

* 

* 

10.6 

16 

34 

4.00 

30 

5.60 

1 

i 

10.0 

16 

34 

4.00 

40 

8.30 

t 

\ 

12.0 

16 

46 

7.00 

48 

9.94 

1.0 

\ 

14.5 

14 

55 

13.00 

72 

15.40 

1,5 

\ 

21   1 

A 

82 

42.80 

120 

25.10 

2.5 

\ 

35.8 

I 

136 

158.00 

When  the  quantity  is  sufficient  to  justify  more  costly  tooling,  press- 
forming  may  be  done.  A  notable  example  of  press-forming  is  the  SCR- 
584  reflector.  This  reflector  (6  ft  in  diam,  15  in,  deep,  with  a  focal  length 
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of  21.1  in.)  was  formed  in  a  single  drawing  operation  using  a  16-gauge 
SAE  1015  mill-run  cold-finish  steel  blank.  After  forming,  a  quadrant 
punch  was  used  for  perforating,  and  the  reflector  was  then  sized  in  the 
original  forming  dies  to  within  ±^t  in.  of  the  true  paraboloidal  surface. 
Generally  speaking,  closer  tolerances  can  be  maintained  by  press-forming 
than  by  spinning,  although  the  latter  method  produces  results  adequate 
for  most  applications. 

Cylindrical  reflectors  are  readily  built  by  fastening  sheet  metal  to  a 
series  of  ribs  cut  to  the  desired  profile.  This  type  of  reflector  is  illustrated 
in  Fig.  3-6  (see  Sec.  3-3). 

Special  surfaces  have  been  con- 
structed by  cementing  metal  foil  to  a 
plywood  backing.  Copper  foil  is 
most  often  used  because  it  combines 
good  workability  with  excellent  elec- 
trical properties. 

When  it  is  desired  to  construct  a 
special  surface  to  be  used  for  experi- 
mental pattern  measurements  only, 
accuracy  can  be  achieved  with 
metalized  wood  at  small  cost  in  time 
and  money,  and  tolerances  as  close 
as  ±irt  in.  may  be  specified  with- 
out hesitation.  Two-inch  soft  pine 
planks  are  used  to  build  up  a  laminated  block  which  is  hollowed  on  one 
side  to  give  the  desired  surface,  as  shown  in  Fig.  2-2.  Each  plank  is 
rough-cut  to  the  approximate  contour  of  its  surface  element  before 
assembly  of  the  block.  The  surface  is  finished  to  fit  to  templates.  All 
paint,  varnish,  glue,  etc.,  are  thoroughly  removed  from  the  surface,  and 
it  is  then  sprayed  with  two  coats  of  molten  metal  with  a  Mogul  metalizer 
gun  utilizing  £-in.  diameter  wire.  The  conducting  metal  coating  is 
applied  in  two  layers.  The  first  layer  is  pure  zinc  and  very  thin  (esti- 
mated 0.003  in.  thick).  Because  of  its  low  melting  point,  the  zinc  does 
not  char  the  wood  and  forms  a  good  bonding  surface  for  the  second  layer, 
which  is  pure  aluminum.  The  aluminum  layer  is  built  up  until  it  is 
approximately  0.006  to  0.010  in.  thick.  This  completes  the  reflecting 
surface.  No  attempt  is  made  to  alter  the  granular  nature  of  the  natural 
sprayed  finish  by  buffing  or  polishing. 

Solid  reflectors  up  to  a  projected  area  of  24  by  48  in.  have  been  sand- 
cast  from  aluminum  alloy  and  give  good  service  in  the  10-cm  band. 
These  are  generally  used  in  the  "as  cast"  condition  except  for  a  cursory 
going  over  with  a  disk-sander  to  knock  off  minor  imperfections.  Even 
with  good  foundry  techniques,  however,  there  is  a  high  percentage  of 


FIG.  2-2. — Experimental  metalized  wood 
reflector. 
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rejections,  mainly  because  of  warpage.  Solid  cast  reflectors  are  rugged 
and  do  not  require  a  radome,  but  their  limitations  have  resulted  in  the 
more  widespread  use  of  the  grid  reflector  that  is  described  in  Sec.  2-7. 
2-6.  Mesh  Surfaces. — The  large  variety  of  open  surfaces  that  are 
suitable  for  microwave  reflectors  can  be  subdivided  into  two  general 
classifications:  surfaces  not  critical  to  polarization  and  surfaces  with 
parallel  grating  elements  that  are  critical  to  polarization.1  Mesh  can 
broadly  be  defined  as  any  screen,  grillwork,  or  perforated  sheet  having 
continuous  paths  of  electrical  conductivity.  These  surfaces  are  not 
critical  to  polarization.  The  following  examples  are  representative  of 
the  various  meshes  that  have  been  employed. 

A.  Hardware  Cloth. — Common  galvanized-iron  hardware  cloth,  0.047- 
in.  diameter  wire  on  i-in.  centers,  has  been  widely  used  in  the  10-cm  band 
for  large  reflectors.     Hardware  cloth  has  considerable  flexibility  and  can 
be  manually  pressed  into  place  to  take  the  form  of  the  supporting  frame- 
work.    If  the  supporting  framework  is  steel,  the  cloth  can  be  attached  by 
soft-soldering.     If  the  supporting  framework  is  wood,  the  cut  edges  of 
the  cloth  can  be  served  with  a  thin  strip  of  metal  and  then  firmly  nailed 
to  the  wooden  supports. 

B.  Stainless  Steel  Wire  Screen. — Stainless  steel  wire  has  been  woven 
into  a  special  screen2  in  which  the  wires  are  firmly  spaced  by  crimping 
them  into  a  rectangular  pattern.     This  screen  is  difficult  to  form  but 
makes  excellent  flat  surfaces.     The  cut  edges  are  generally  attached  to 
retaining  strips,  but  the  free  areas  have  considerable  structural  rigidity. 
The  screen  can  be  woven  in  any  desired  pattern.     In  a  marine  application, 
0.063-in.   diameter  wires  on   1-in.   centers   were  employed  for  50-cm 
radiation. 

C.  Expanded  Metal. — Expanded  metal  can  be  die-stamped  to  form 
paraboloidal  surfaces.     After  the  stamping  operation  has  been  completed, 
it  is  difficult  to  produce  any  further  major  alterations  in  the  curvature  of 
the  surface.     The  supporting  framework  need  not  be  contoured  accur- 
ately other  than  at  the  points  of  support.     Expanded  metal  can  be  held 
in  place  either  by  tack- welding  or  with  suitable  bolted  connections.     A 
flat  diamond  mesh,  i  by  1  in.  on  the  diagonals,  formed  from  ^  in.  steel 
stock  into  connecting  strips  that  are  -fa  in.  wide  has  been  widely  used 
on  both  naval  and  land-based  antennas  for  10-cm-band  radiation. 

D.  Perforated  Sheet  Metal. — Metal  reflectors  fabricated  by  die-stamp- 
ing may  be  perforated  to  reduce  their  weight  and  also  to  decrease  the  wind 
resistance  of  the  antenna,  as  mentioned  in  Sec.  2-5.     Such  surfaces  are 
suitable  for  mass  production.     The  example  recorded  in  Table  2-2  is 

1W.  D.  Hayea,  "Gratings  and  Screens  as  Microwave  Reflectors,"  RL  Report 
No.  268,  April  1943. 

8  W.  S.  Tyler  Co.,  Cleveland,  Ohio. 


SEC.  2-7] 


ORATING  SURFACES 


21 


made  of  steel  0.0363  in.  thick,  with  f-in.  diameter  holes  located  in  a 
staggered  rectangular  pattern  on  £-in.  centers. 

E.  Knit  Wire  Mesh. — The  intersection  of  three  mutually  perpendicular 
plane  surfaces  at  a  point  to  form  the  interior  corner  of  a  cube  comprises 
an  element  of  a  device  that  is  known  as  a  "corner  reflector."  A  cluster 
of  these  elements  forms  the  complete  corner  reflector,  which  is  capable  of 
reflecting  energy  in  the  direction  of  a  radar  transmitting  set  irrespective 
of  the  angle  of  incidence  of  the  incoming  beam  of  energy.  Corner 
reflectors  as  used  in  life-raft  kits,  are  made  by  tightly  stretching  a  knit 
wire  mesh  over  a  very  light  metal  framework.  A  knit  mesh  is  used 
because  the  interaction  of  the  loops  enables  the  material  to  be  stretched 
taut  more  easily  than  a  wdv^n  mesh.  Particular  effort  must  be  made  to 
ensure  the  proper  method  of  binding  the  edges  of  the  mesh  with  cloth 
tape  to  permit  advantageous  mounting. 

A  corner  reflector  is  not  a  component  of  a  radar  antenna.  The  mesh 
that  forms  the  surfaces,  however,  is  very  much  lighter  than  any  other 
materials  that  have  been  used  as  radar  reflecting  mediums,  and  it  is 
interesting  because  of  its  unique  properties.  The  most  effective  material 
employed  to  date  consists  of  0.0035-in.  diameter  round  monel  wire,  knit 
into  a  mesh  containing  seven  loops  per  inch.1  Reflectivity  is  excellent 
with  both  10-  and  3-cm  radiation  when  the  mesh  is  new;  but  because  the 
conductivity  between  loops  is  reduced  by  corrosion  or  oil  films,  the 
reflectivity  may  be  lowered  by  as  much  as  50  per  cent.  This  material  is 
of  interest  as  a  reflecting  medium,  but  it  obviously  does  not  constitute  a 
rigid  antenna  surface. 

TABLE  2-2. — MESH  REFLECTING  SURFACES 


Mesh 
No. 

Radiation 
wavelength, 
cm 

Trans- 
mission of 
radiation, 

Open  area, 

Service,  * 
mph 

Weight 

perft2,f 
lb 

A 

10 

<  1 

60 

90 

0.65 

B 

50 

<  1 

80 

110 

0.3 

C 

10 

<2 

47 

110 

1.0 

D 

10 

1.6 

51 

90 

0.73 

E 

3 

<  15 

95 

0.007 

*  Specified  wind  velocities  that  the  reflectors  can  withstand  without  structural  damage, 
t  Weight  includes  surface  elements  only. 

2-7.  Grating  Surfaces. — A  reflecting  grating  may  be  denned  as  any 
system  of  parallel  electrical  conductors  spaced  in  such  a  manner  that  an 
effective  microwave  reflecting  surface  will  be  produced.  A  grating 
provides  adequate  reflection  only  to  correctly  polarized  radiation,  and  its 

1  Manufactured  by  Metal  Textile  Corp.,  Orange,  N..T. 
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elements  must  be  parallel  to  the  electrical  vector  of  the  incident  radiation 
wave,  For  example,  a  vertically  polarized  wave  demands  that  the  grat- 
ing elements  be  vertical  if  excessive  transmission  through  the  grating  is 
to  be  avoided.  A  series  of  parallel  wires  can  be  a  grating  reflector.  If 
the  wires  are  replaced  by  similarly  spaced  slats  of  appreciable  depth, 
the  amount  of  radiation  that  leaks  through  will  greatly  decrease.1  For 
this  reason,  a  grating  can  be  designed  that  has  excellent  reflecting  proper- 
ties and  at  the  same  time  has  very  low  resistance  to  winds  normal  to  the 
surface. 

Several  experimental  gratings  have  been  molded  in  plastic  and  then 
metalized  to  secure  the  requisite  conductivity.  These  plastic  reflectors 
were  readily  damaged  by  rough  handling.  Some  plastics  were  dimen- 
sionally  unstable,  and  the  metal  plating  tended  to  crack  off  others.  They 
were  therefore  never  employed  in  durable  equipment  and  will  not  be 
included  in  the  following  tabulation. 

Slats. — True  paraboloidal  surfaces  are  quite  commonly  formed  by 
suitably  spacing  a  series  of  identical  flat  parabolic  strips.  The  inter- 
section of  a  plane  with  a  paraboloidal  surface  is  a  true  parabola,  provided 
the  plane  is  parallel  to  the  principal  axis  of  the  parabola.  Furthermore, 
the  shape  of  the  parabolic  intercept  remains  unaltered  as  the  plane  is 
displaced  laterally  away  from  the  axis  of  revolution.  This  geometric 
property  of  the  paraboloid  of  revolution  makes  it  possible  to  build  up  an 
entire  surface  of  revolution  from  a  large  number  of  identical  pieces  of  flat 
stock.  It  is  necessary  that  only  one  edge  of  each  flat  element  have  the 
identical  parabolic  form.  This  can  be  accomplished  either  by  cutting  a 
stacked  pile  of  flat  elements  to  a  jig  form  or  by  a  die-stamping  operation. 

Stainless  steel  reflectors  are  commonly  made  by  die-stamping  the 
similarly  shaped  grid  elements.  These  thin  elements  are  held  in  place 
with  suitably  notched  strips,  one  strip  being  inserted  from  each  side  of 
the  grating  to  surround  the  grid  element.  The  notched  strips  are  spot- 
welded  together  to  complete  the  support.  Notching  is  done  in  a  special 
manner,  a  small,  slightly  outstanding  tab  being  left  at  each  slit.  When 
forced  against  the  grating  elements,  these  tabs  serve  to  stiffen  each  inter- 
section. For  added  stiffness,  small  angle  clips  are  used  at  the  inter- 
section of  the  midsection  supports  and  at  every  sixth  grid  element.  A 
reflector  of  this  type  is  shown  in  Fig.  2-3. 

When  aluminum  is  used,  it  is  common  practice  to  fix  the  ends  of  the 
flat  parabolic  elements  by  welding  or  brazing  them  to  the  structural 
member  that  forms  the  periphery  of  the  reflector.  Midsection  supports 
are  commonly  made  by  suitably  notching  a  deep  web.  These  midsection 
supporting  points  may  be  brazed  or  welded,  but  a  more  rapid  and  an 
entirely  adequate  technique  is  to  crimp  the  metal  of  the  deep  web  directly 

1  Hayes,  op.  cit.,  Sec.  2-6. 
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2-3.     -SG-2S  stainless  steel  reflector  and  support  for  feed.      (Courtesy  of  Raytheon 
Manufacturing  Company.} 
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adjacent  to  the  insert.  An  effective  crimping  tool  is  a  pair  of  pliers 
having  a  special  nose  designed  to  make  indentations  approximately  i  in. 
long  and  -fa  in.  deep. 

The  structural  characteristics  of  some  aluminum  and  stainless  steel 
surfaces  are  given  in  the  following  examples;  other  properties  of  these 
surfaces  are  recorded  in  Table  2-3. 

A.  Aluminum  slats  T&-  in.  thick  and  y^  in.  deep,  spaced  on  yVin. 
centers;  spot-welded  at  the  periphery  to  f-in.   OD  aluminum 
tubing;  midsection  supports  spaced  approximately  10  in.  apart. 

B.  Stainless  steel  slats  0.020  in.  thick  and  0.4  in.  deep,  spaced  on 
0.4-in.  centers;  ends  bent  and  spot-welded  to  periphery  frame; 
midsection  supports  spaced  approximately  4  in.  apart. 

C.  Aluminum  slats  r&  in.  thick  and  1.5  in.  deep,  spaced  on  1.5-in. 
centers;  ends  brazed  to  periphery  frame;  midsection  supports 
spaced  approximately  13  in.  apart. 

D.  Stainless  steel  slats  0.030  in.  thick  and  1.5  in.  deep,  spaced  on 
1.5-in.  centers;  ends  bent  and  spot-welded  to  periphery  frame; 
midsection  supports  spaced  approximately  6  in.  apart. 

Tubes. — Effective  reflecting  gratings  can  be  fabricated  of  parallel 
bars  of  aluminum  tubing.  The  tubing  grill  will  have  a  slightly  higher 
wind  resistance  than  an  electrically  equivalent  grill  composed  of  slats. 
On  the  other  hand,  tubing  generally  weighs  about  10  per  cent  less  than 
slats  of  equal  strength.  The  tubing  can  be  bent  into  approximate  form 
by  the  use  of  rollers.  It  is  not  essential  that  the  tube  have  the  exact 
shape  finally  required  of  the  surface.  Final  shaping  is  secured  by  accur- 
ately fixing  the  points  of  support  so  that  the  tubing  will  assume  the  true 
form  of  the  reflector  after  it  is  rigidly  fastened  in  place.  The  ability  to 
form  a  tubular  member  to  a  particular  contour  is  of  great  value  in 
fabricating  asymmetric  reflecting  surfaces,  in  which  each  surface  element 
may  require  a  curvature  slightly  different  from  that  of  the  adjacent 
surface  elements. 

Aluminum  tubing  has  been  fixed  in  place  with  clips  that  are  bolted  or 
riveted  to  the  supporting  structure.  Such  a  method  is  tedious.  A  more 
effective  method  is  achieved  by  punching  the  upstanding  leg  of  a  small 
aluminum  angle  with  a  series  of  properly  spaced  holes  large  enough  to 
permit  the  tubing  to  be  readily  threaded  into  place.  Final  anchoring 
is  secured  by  crimping  the  aluminum  angle  adjacent  to  the  tube.  A 
further  virtue  of  this  manner  of  anchoring  tubing  is  that  the  holding  angle 
can  be  easily  shimmed.  The  shims  are  placed  between  the  supporting 
structure  and  the  contacting  face  of  the  holding  angle.  Shimming  in 
this  manner  permits  the  correction  of  any  irregularities  that  may  exist 
in  the  surface  of  the  supporting  structure.  The  structural  characteristics 
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of  some  surfaces  with  tubular  elements  are  given  in  the  following  exam- 
ples; other  properties  of  these  surfaces  are  recorded  in  Table  2-3. 

E.  52S  aluminum  tubing,  J-in.  OD,  18  gauge  (0.049  in.  wall)  on  If-in. 
centers. 

F.  24ST  aluminum  tubing,  i-in.  OD,  20  gauge  (0.035-in.  wall)  on  £-in. 
centers. 

TABLE  2-3. — GRILL  REFLECTING  SURFACES 


Grill 
No. 

Radiation 
wavelength, 
cm 

Trans- 
mission of 
radiation,  * 

Open  area, 

Service,  f 
mph 

Weight 
perftM 
Ib 

Slats: 

A 

3 

1.0 

86 

110 

0.86 

B 

3 

1.0 

95 

100 

0.84 

C 

10 

1.0 

98 

100 

0.90 

D 

10 

1.0 

96 

100 

1.20 

Tubes: 

E 

11 

3.0 

64 

110 

0.71 

F 

3 

1.5 

50 

90 

0.76 

*  Hayes,  op.  cit.,  Sec.  2-6. 

t  Specified  wind  velocities  that  the  reflectors  can  withstand  without  structural  damage. 

t  Weight  includes  surface  elements  only. 


REFLECTOR  FORMS  AND  TEMPLATES 

Most  reflectors  take  the  form  of  a  true  paraboloid  of  revolution. 
However,  reflectors  with  special  curvatures  have  been  devised  to  secure 
dispersal  of  radiation  in  the  form  of  a  "fan"  beam.  Astigmatic  parab- 
oloids are  employed  with  certain  electrically  scanning  feeds,  of  which  the 
Robinson  scanning  feed  and  its  reflector  are  an  example.  The  parabolic 
cylinder  is  employed  when  the  feed  is  not  a  point  source  but  is  a  linear 
array.  These  geometric  forms  and  the  templates  used  in  their  fabrica- 
tion are  discussed  in  the  following  sections. 

2-8.  True  Paraboloids. — A  parabola  having  a  focal  length  F  is  defined 
by  the  equation  X  =  Y2/£F.  A  true  paraboloidai  surface  is  generated  by 
rotating  the  parabola  about  its  principal  axis.  The  focal  point  of  this 
paraboloid  of  revolution  lies  on  the  principal  axis,  here  the  z-axis,  at  a 
distance  F  in  front  of  the  vertex. 

The  range  required  of  a  radar  system  is  usually  one  of  the  first  factors 
to  be  considered.  It  therefore  follows  that  the  first  step  in  the  design  of 
an  antenna  is  the  selection  of  the  size  of  reflector  that  the  system  will 
require.  The  size  of  the  reflector  is  generally  recorded  in  terms  of  its 
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projected  diameter.     With  this  dimension  fixed,  it  then  becomes  neces- 
sary to  select  a  commensurate  focal  length. 

The  r-f  energy  leaving  a  horn  feed  or  other  emitting  source  will  be 
dispersed,  especially  if  the  horn  is  narrow,  when  the  energy  passes  through 
the  free  space  between  the  end  of  the  feed  and  the  surface  of  the  reflector. 
The  primary  pattern  of  radiation  from  the  feed  can  be  controlled  by 
proper  design.  Uniform  illumination  of  the  reflector  is  undesirable, 
since  it  causes  serious  side  lobes  in  the  secondary  pattern  radiated  into 
space.  If  the  illumination  is  too  greatly  tapered  toward  the  edges  of  the 
reflector,  the  side  lobes  are  reduced  but  the  beam  becomes  wider.  If 
the  edges  of  the  reflector  receive  an  insignificant  amount  of  energy,  the 
size  of  the  reflector  can  be  reduced  without  lowering  the  gain  of  the 
system.  With  a  reflector  of  fixed  diameter  and  unspecified  focal  length 
it  is  apparent  that  the  edges  of  the  reflector  will  receive  increasing 
amounts  of  illumination  as  the  feed  is  moved  farther  away  from  the  sur- 
face. The  choice  of  the  optimum  focal  length  for  a  given  combination 
of  reflector  and  feed  is  a  basic  feature  of  antenna  design  and  has  been 
the  subject  of  extended  experimentation.  Table  2-4  records  the  focal 
lengths  and  projected  reflector  diameters  of  certain  widely  used  antennas. l 

TABLE  2-4. — RATIO  OF  PROJECTED  DIAMETER  TO  FOCAL  LENGTH 


Size  of  reflector 

Radiation 
wavelength 
band,  cm 

Focal  length 
F,  in. 

D 
J 

Minor  diam 
d,  in. 

Major  diam 
D,  in. 

10 

96 

96 

27.5 

3.6 

10 

60 

168 

60.0 

2.8 

3 

36 

120 

35.5 

3.4 

10 

120 

384 

99.0 

3.9 

10 

120 

300 

78.0 

3.8 

In  laying  out  a  template  for  a  particular  reflector  it  is  convenient  first 
to  compute  the  rectilinear  coordinates  of  the  parabola.  These  coordi- 
nates are  readily  transferred  to  suitable  flat  stock,  which  can  then  be 
accurately  shaped  to  form  the  template.  If  the  axis  of  the  parabolic 
template  is  centered  on  the  axis  of  the  paraboloidal  surface,  the  template 
should  fit  the  surface  at  all  points.  In  making  these  observations,  it  is 
highly  desirable  that  the  template  be  mounted  on  a  fixed  journal.  A 
template  that  is  merely  laid  against  a  surface  in  a  variety  of  different 
positions  may  fail  to  disclose  the  over-all  magnitude  of  the  distortion. 
The  position  of  the  vertex  is  needed  to  determine  the  position  of  the  feed 
relative  to  the  reflector.  It  is  therefore  considered  good  practice  to 

1  Vol.  12,  Microwave  Antenna,  Theory  and  Design* 
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indicate  the  vertex  of  the  paraboloidal  surface  while  the  template  is  in 
place,  because  of  the  difficulty  of  accurately  determining  this  point  from 
measurements. 


FIG.  2-4. — Reflector  and  template.  (Cow//«s//  »f  HV.s-/i  Construction  Company.) 
1.  Template  rotary  ti  uck.  2.  Top  chord  of  template  tiuss.  3.  Track.  3o.  Track 
support.  4.  Walkway.  5.  Template.  0.  Center  support.  7.  Reflector. 

Small  and  moderate  sizes  of  templates  are  generally  cut  directly  out 
of  a  piece  of  sheet  metal;  the  template  is  then  rigidly  fastened  to  a  shaft 
whose  center  of  rotation  lies  on  the  axis  of  the  paraboloidal  surface.  The 
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templates  for  certain  very  large  reflectors  were  fabricated  structures. 
The  template  was  suspended  downward  inside  a  circular  track  and  carried 
at  its  extremities  by  two  trucks.  To  secure  an  accurate  calibration  of 
the  surface,  the  circular  track  was  carefully  leveled  and  centered  on  the 
axis  of  the  paraboloid  reflector  as  shown  in  Fig.  2-4. 

2-9.  Special  Surfaces.  Astigmatic  Paraboloids. — The  astigmatic  pa- 
raboloidal  surface  that  is  used  in  conjunction  with  trapezoidal  feeds 
(cf.  Sec.  2-15)  is  shown  in  Fig.  2-5.  The  trapezoidal  feed  BCDE  consists 
of  two  parallel  sheets  of  metal  with  the  source  of  radiation  at  the  point  S. 
In  Fig.  2-5,  the  trapezoid  lies  in  the  XF-plane.  The  vertex  of  the 


FIG.  2-5. — Astigmatic  reflector  with  trapezoidal  food. 

reflecting  surface  is  at  the  point  O.  Radiation  from  the  trapezoidal  feed 
will  be  confined  to  the  XF-plane  until  it  passes  from  the  feed  into  space 
at  the  line  BC.  The  intercept  of  the  FZ-plane  with  the  reflecting  surface 
is  the  curve  ROV,  a  true  parabola  with  focal  point  at  JV,  having  the 
equation  Y  =  Z^/IF.  The  intercept  of  the  .XT-plane  with  the  reflecting 
surface  is  the  curve  TO  C7,  a  true  parabola  with  its  focal  point  at  S,  having 
the  equation  Y  =  X2/4/.  The  point  Q  represents  the  intercept  of  a 
reflected  ray  with  the  plane  that  contains  the  point  S  and  is  parallel  to 
the  XZ-plane.  Point  P  is  a  reflecting  point  on  the  surface.  The  reflected 
energy  emanating  from  the  point  source  at  S  will  be  in  phase  at  all  points 
on  this  plane  if  the  summation  of  the  distances  SM,  MP,  and  PQ  remains 
constant,  irrespective  of  the  location  of  the  point  M .  This  condition  is 
met  if  the  total  distance  traversed  by  any  ray  SMPQ  =  2f.  Either  one 
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of  the  following  equations  defines  a  surface  that  satisfies  the  condition 
SMPQ  =  2f,  in  terms  of  the  focal  lengths  /and  F,  where  a  =  /  —  F.1 

Z*  -  -2a(/  -  YY  -  X2  +  2(/  +  F)Y  -  X2  +  2af;  (1) 

X2  =  -2a(F  -  Y)2  +  Z2  +  2(/  +  F)Y  -  Z2  +  2af.  (2) 

For  the  fabrication  of  templates,  it  would  be  preferable  to  have  an 
equation  that  expresses  Y  in  terms  of  X  and  Z.  Such  an  equation  can 
be  derived  but  is  exceedingly  cumbersome.  The  points  77,  R,  V,  and 
U  can  be  determined  by  use  of  the  simple  equations  Y  =  Z2/4F  and 
Y  =  X2/4f.  The  value  of  Y  at  intermediate  points  on  the  reflecting 
surface  can  then  be  assumed.  The  substitution  of  the  assumed  values  of 
Y  and  X  or  Y  and  Z,  in  either  Eq.  (1)  or  (2),  will  yield  accurate  solutions 
for  the  third  coordinate. 

The  template  for  the  astigmatic  paraboloid  is  necessarily  a  three- 
dimensional  structure  whose  surface  elements  form  a  pattern  that  is  the 
converse  of  the  reflecting  surface.  The  following  example  illustrates  the 
manner  in  which  such  a  template  can  be  constructed.  The  parabolic 
curve  TO  U  is  inscribed  on  a  piece  of  flat  sheet  metal,  and  the  edge  of  the 
sheet  cut  and  finished  to  the  true  form.  In  a  series  of  planes  that 
are  parallel  to  the  XF-plane  but  with  each  plane  displaced  an  equal 
distance  farther  away  from  the  origin  0,  when  Z  is  small,  the  intercept 
will  be  a  curve  that  closely  approaches  the  form  of  the  true  parabola  TOU. 
When  Z  is  large,  the  intercept  will  differ  considerably  from  the  parabola 
TOU.  However,  the  successive  intercepts  will  differ  from  one  another 
by  gradual  and  uniform  increments.  Equation  (2)  can  be  used  to  calcu- 
late the  X  and  Y  coordinates  of  each  of  these  series  of  curves,  where  Z 
is  assigned  a  fixed  value  for  each  curve.  Each  of  these  curves  can  be 
inscribed  on  sheet  metal,  which  is  then  cut  and  finished  to  form  a  flat 
element  of  the  template. 

A  similar  series  of  flat  transverse  elements  can  be  fabricated,  starting 
with  the  true  parabola  RO  V.  A  grid  can  now  be  formed  by  interlocking 
the  transverse  elements  with  the  longitudinal  elements,  which  is  accom- 
plished by  suitably  slotting  both  sets  of  elements.  The  surface  of  the 
completed  grid  constitutes  a  lattice  that  defines  the  astigmatic  parabo- 
loid surface. 

Parabolic  Cylinder. — A  linear  array  of  suitably  spaced  and  energized 
dipoles  will  radiate  energy  in  the  form  of  a  fan  beam.  The  linear  array 
is  commonly  used  with  a  parabolic  cylinder  as  a  reflector.  The  length  of 
the  array  determines  the  sharpness  of  the  beam,  and  the  reflector  serves 
to  limit  the  broad  dimension  of  the  radiation  pattern.  The  direction  of 
the  fan  beam  relative  to  the  array  is  determined  by  the  r-f  wavelength 
inside  the  waveguide  by  which  the  dipoles  are  energized.  It  will  be 

1  H.  Knitter,  Microwave  Antenna  Theory  and  Design,  Vol.  12,  Chap.  15. 
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perpendicular  to  the  linear  array  if  the  probe  of  each  dipole  taps  energy 
at  the  same  point  on  each  succeeding  wavefront.  The  radiation  pattern 
secured  from  a  linear  array  with  a  cylindrical  parabolic  reflector  is  shown 
in  Fig.  2-6.  The  fact  that  the  surface  has  only  one  degree  of  curvature 
facilitates  the  fabrication  of  this  type  of  reflector. 

Other  Surfaces. — Some  special  surfaces  have  been  developed  to  produce 
a  selective  dispersal  of  the  reflected  energy.  For  example,  the  lower  edge 
of  a  reflector  may  be  curved  more  sharply  than  the  true  parabolic  form 
in  order  to  deflect  energy  upward  into  the  form  of  an  extended  fan  beam. 


FIQ.  2-6. — Linear  array  with  cylindrical  parabolic  reflector. 

Template  construction  for  these  surfaces  presents  problems  similar  to 
those  discussed  for  the  astigmatic  paraboloid  surface. 

2-10.  Shape  of  the  Periphery. — The  fan  beam,  narrow  in  its  azimuth 
dimension  and  wide  in  vertical  height,  has  come  into  almost  universal 
use  for  purposes  of  radar  search.  Side  lobes  in  the  vertical  plane  are 
not  so  objectionable  as  ones  in  the  horizontal  plane.  A  true  paraboloidal 
reflector  with  a  horizontal  aperture  larger  than  the  vertical  aperture 
will  produce  a  fan  beam  similar  to  that  illustrated  in  Fig.  2-7.  Auxiliary 
feeds,  either  horns  or  dipoles,  may  be  located  below  the  main  feed  to 
produce  a  wider  dispersal  of  energy  in  the  vertical  plane.  The  oblong 
reflector  will  usually  have  a  horizontal  aperture  that  is  2.5  to  3.5  times  as 
large  as  the  vertical  aperture.  If  a  reflector  of  rectangular  shape  were 
employed,  the  extreme  corners  would  receive  a  negligible  fraction  of  the 
total  radiation.  It  is  therefore  advantageous  to  cut  the  periphery  to 
coincide  with  a  contour  of  constant  illumination  of  the  edge  of  the  reflec- 
tor, which  results  in  a  form  that  closely  approximates  a  projected  ellipse.1 

1  Cf.  S.  ,T.  Mason,  "General  Design  Procedure  for  Pencil-Beam  Paraboloid 
Antennas  Having  Horn  Feeds,"  RL  Report  No.  690,  Jan.  22,  1946. 
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Figures  2-7  and  2-8  illustrate  two  distinctly  different  forms  of  contour- 
ing. The  areas  of  both  reflectors  are  approximately  equal,  and  they  have 
identical  focal  lengths.  In  Fig.  2-8  the  paraboloid  is  split  on  the  major 
axis.  The  contour  of  the  projected  periphery  is  the  half-section  of  an 


FIG.  2-7. — Radiation  pattern  from  a  paraboloidal  reflector  with  an  elliptical  periphery. 

ellipse.  A  ground  plane  G  is  required  to  prevent  dispersal  of  energy 
past  the  bottom  of  the  reflector.  A  narrow  metallic  strip  $,  having  a 
parabolic  contour  similar  to  that  of  the  reflector,  is  sometimes  inserted 
to  effect  an  upward  dispersal  of  the  radiation.  With  this  type  of  reflec- 
tor, a  single  horn  feed  can  be  used  to  produce  a  broad  fan  beam.  A  corol- 
lary advantage  is  that  the  feed  and  its  supports  do  not  obstruct  the 
primary  radiation  pattern. 


FIQ.  2-8. — Paraboloidal  reflector  with  a  periphery  that  is  a  half-elliptical  section. 
D,  projected  horizontal  diameter;  d,  projected  vertical  diameter;  F,  focal  length;  G,  ground 
plane;  S,  deflection  strip. 

Figure  2-9  also  illustrates  a  paraboloidal  reflector  with  full  elliptical 
contour.  This  particular  antenna  design  utilizes  a  multiple  feed  to 
secure  a  broad  fan  beam.  With  the  triple  horn  feed  indicated,  the  horn 
A  delivers  the  major  fraction  of  the  total  energy  to  produce  a  strong 
search  lobe.  The  horns  B  and  C  deliver  an  amount  of  auxiliary  energy 
sufficient  to  secure  the  necessary  coverage  in  height. 
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FIG.  2-9. — Paraboloid  with  an  elliptical  periphery  and  a  multiple  feed.  A,  horn  feed 
for  lower  beam;  B,  horn  feed  for  intermediate  beam;  C,  horn  feed  for  upper  beam;  D, 
projected  horizontal  diameter;  d,  projected  vertical  diameter;  F,  focal  length. 

2-11.  Feed  Supports. — To  prevent  defocusing  and  secondary  pattern 
variation  under  conditions  of  vibration  or  shock  loading,  the  antenna  feed 
must  be  so  supported  that  the  radiating  elements  maintain  a  fixed  relation- 
ship to  the  reflector.  The  type  of  support  will  vary  with  the  nature  of 
the  feed  and  with  the  focal  length  of  the  reflector.  Cantilever  con- 
struction of  the  feed  is  desirable  in  any  case  and  is  essential  if  the  feed  is 
to  rotate  or  nutate. 

Feeds  having  long  focal  lengths  require  some  type  of  bracing  by  struts 
or  wires.  The  flexibility  of  a  feed  is  determined  by  the  transverse  stiffness 
and  the  length  of  the  unsupported  conducting  r-f  line.  In  ordinary 
applications  (standard  brass  waveguide  with  point-source  dipole  ter- 
mination) any  feed  with  a  focal  length  over  thirty  to  forty  times  the 
smaller  outside  dimension  of  the  waveguide  cross  section  requires  external 
support.  For  single  or  multiple  horn  feeds,  the  possibility  of  torsional 
oscillations  of  the  extension  of  the  waveguide  should  not  be  overlooked. 

Ideally,  no  structural  supports  should  clutter  the  area  in  front 
of  the  reflector.  This  condition  cannot  always  be  realized,  but  the 
percentage  of  projected  area  of  the  reflector  that  is  obstructed  by  brac- 
ing should  be  kept  to  the  minimum  consistent  with  requirements  of 
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weight  and  rigidity.  Obstruction  of  the  primary  pattern  is  especially 
to  be  avoided.  Struts  or  wires  supporting  the  feed  should  not  be  parallel 
to  the  plane  of  polarization. 

The  configuration  of  the  bracing  will  be  determined  by  the  type  of 
feed  and  its  position  with  respect  to  the  geometrical  center  of  the  reflector. 
Braces  have  been  fabricated  from  impregnated  Fiberglas  tubing  or  other 
dielectric  material  in  an  attempt  to  minimize  undesirable  reflections. 
This  expedient  is  normally  unnecessary  and  should  be  applied  with 
caution,  since  dielectric  bracing  may  actually  distort  the  pattern  more 
seriously  than  metal  bracing. 

The  design  of  supports  for  the  feed  should  permit  removal  and  replace- 
ment of  the  feed  without  impairing  its  alignment  with  respect  to  the 
reflector.  It  is  desirable  to  have  an  arrangement  that  will  permit  removal 
of  the  feed  without  removal  of  its  supports.  Permissible  variations  in 
alignment  between  feed  and  reflector  should  be  determined  by  actual 
measurement  of  the  pattern.  The  design  should  be  such  that  reflectors 
and  feeds  are  interchangeable  within  the  allowed  tolerances. 

WIND  LOADS  ON  REFLECTORS 

The  land-based  and  particularly  the  shipborne  antennas  are  designed 
for  operation  in  winds  of  high  velocity.  The  resultant  wind  forces  exert 
a  drag  on  the  reflector  at  all  times.  With  solid  surfaces,  this  drag  is  a 
maximum  when  the  wind  impinges  perpendicularly  against  the  front  of 
the  parabolic  reflector.  Reflectors  having  open  surfaces  of  mesh  or 
grating  give  a  total  wind  drag  that  is  lower  than  for  a  similarly  shaped 
solid  surface,  The  maximum  drag  on  such  an  open  surface  may  not 
occur  when  the  wind  is  directed  squarely  into  the  face  of  the  reflector 
but  rather  when  the  reflector  is  turned  about  50°  away  from  the  wind 
direction. 

As  the  antenna  rotates  on  the  azimuth  axis  of  the  mount,  torques  of 
considerable  and  varying  magnitude  will  be  caused  by  wind  loads.  The 
magnitude  of  these  torques  not  only  is  affected  by  the  character  of  the 
reflector  and  its  associated  supports  but  is  also  critically  influenced  by 
the  location  of  pivot  around  which  the  antenna  is  rotated.  Wind  drag 
and  the  torques  exerted  by  wind  forces  on  specific  parabolic  reflectors 
are  discussed  quantitatively  in  the  following  sections. 

2-12.  Wind  Drag. — A  series  of  reflectors  ranging  in  size  from  1.34  to 
35  ft2  have  been  tested  in  a  wind  tunnel.  Winds  were  directed  against 
the  reflectors  at  varying  angles.  The  component  down-wind  and  cross- 
wind  forces  and  the  resultant  developed  torques  were  measured. 

Before  making  tests  on  various  reflectors,  observations  were  made  at 
a  range  of  wind  velocities  up  to  100  mph  on  a  4-ft-wide  by  1^-ft-high 
paraboloidal  reflector  with  a  solid  surface.  A  reflector  having  an 
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identical  shape,  but  with  a  surface  composed  of  flat  parallel  slats,  was 
also  tested  at  a  similar  range  of  wind  velocities.  The  down-wind  and 
the  cross-wind  forces,  measured  both  on  the  solid  surface  and  on  the 
slatted  surface,  were  all  strictly  proportional  to  the  square  of  the  wind 
velocity.  No  discontinuity  was  observed  at  any  single  wind  velocity 
up  to  the  maximum  measurement  at  100  mph.  The  results  secured  from 
the  tests  of  the  various  reflectors  are  recorded  in  the  form  of  the  equation 

F  =  KfV\  (3) 

where  V  =  wind  velocity,  mph, 

F  =  resultant  wind  force,  Ib, 

Kf  =  coefficient  of  wind  force  for  the  reflector  as  a  whole. 
The  wind  drag  on  reflectors  of  different  shapes  and  sizes  is  not  strictly 
proportional  to  their  areas.  Although  each  reflector  is  somewhat  unique 
because  of  its  supporting  structure,  the  composite  data  can  be  evaluated 
most  effectively  by  transposing  all  observations  into  forces  acting  on  a 
unit  square  foot  of  the  projected  area  of  the  reflector  under  test.  Equa- 
tion (3)  will  then  take  the  form 

F  =  kfA  V\ 

where  A  =  projected  area  of  the  reflector,  ft2, 
kf  =  coefficient  of  wind  force. 

The  values  of  fc/,  multiplied  by  a  factor  of  100  for  convenience  of 
tabulation,  are  recorded  in  Table  2-5.  The  tabulated  values  times  100 
give  the  force  in  pounds  exerted  by  a  100-mph  wind  on  1  ft2  of  the  pro- 
jected area  of  the  reflector.  It  will  be  noted  that  this  value  does  not 
exceed  40  lb/ft2  for  any  of  the  solid  surfaces  in  any  test  position.  This 
figure  is  comparable  with  33  lb/ft2,  the  value  calculated  from  the  con- 
ventional aerodynamic  formula  for  the  force  exerted  by  air  flowing  at 
100  mph  against  a  flat  plate  normal  to  the  air  stream.  With  the  excep- 
tion of  the  grilled  Reflector  6,  the  highest  value  recorded  for  a  grilled 
surface  is  18.9  lb/ft2.  The  higher  values  recorded  for  Reflector  6,  which 
is  the  smallest  reflector  tested,  are  undoubtedly  due  largely  to  the  wind 
resistance  of  the  supporting  framework.  The  grilled  surfaces  were  all 
composed  of  slats  0.025  in.  thick  by  0.4  in.  deep  on  0.4-in.  centers. 

From  these  observations,  it  appears  that  the  maximum  force  exerted 
by  a  100-mph  wind  can  be  taken  as  40  lb/ft2  on  solid  surfaces  and  20 
lb/ft2  on  the  grilled  surfaces.  These  figures  are  generally  acceptable  as 
satisfactory  for  use  in  the  design  of  naval  antenna  mounts. 

The  average  values  of  the  coefficient  of  wind  drag  on  each  of  the  seven 
separate  slatted  reflectors  are  plotted  as  a  broken  line  on  Fig.  2-10. 
The  plotted  values  of  kf  are  then  composite  figures  indicating  the  magni- 
tude of  the  unit  force  that  may  be  exerted  on  a  slatted  reflector  when 
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the  wind  approaches  the  paraboloidal  surface  from  various  directions. 
This  curve  indicates  that  the  wind  drag  is  at  a  maximum  at  about  50° 
and  that  another  region  of  high  drag  occurs  at  about  130°  to  140°.  The 
shape  of  this  curve  is  characteristic  of  the  behavior  of  the  slatted  parab- 
oloidal reflector. 

Observations  on  three  solid  surfaces  were  similarly  averaged  and 
plotted  as  a  solid  line  on  Fig.  2-10.  This  curve  shows,  as  would  be  antici- 
pated, that  kf  is  a  maximum  when  the  wind  is  blowing  directly  against 
the  front  of  the  solid  paraboloidal  surface.  As  the  reflector  is  turned 
edgewise  to  the  wind  direction,  the  wind  drag  is  decreased  and  reaches  a 

minimum  at  about  100°  to  110°. 
Aerodynamic  considerations  lead 
to  a  theoretical  value, /c/  =  0.0033, 
for  a  flat  plate  facing  the  wind,  in 
fair  agreement  with  Fig.  2-10. 

2-13.  Wind  Torques.— The 
direction  of  the  resultant  wind 
drag  on  a  particular  reflector  can 
be  computed  from  the  magnitudes 
of  the  measured  down-wind  and 
cross-wind  component  forces. 
The  center  of  wind  pressure  and 
the  point  of  application  of  the 
resultant  force  will  vary  as  the 
antenna  rotates.  If  the  wind 
force  acts  on  the  azimuth  axis 
through  a  long  lever  arm,  a  high 
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2-10. — Wind    forces    on    paraboloidal 
reflectors. 


torque  will  be  developed.  The 
pivot  point  for  a  reflector  would  be  in  an  ideal  location  if  at  all  times  it  lay 
on  the  line  of  the  resultant  wind  force.  This  cannot  be  achieved,  and 
hence  an  attempt  is  made  to  secure  a  compromise  that  will  keep  the  peak 
torque  at  a  minimum  value. 

The  torques  resulting  from  wind  loads  are  recorded  in  Table  2-6 
in  terms  of  the  value  of  the  coefficient  kt,  which  is  employed  in  the 
equation 

T  =  ktAV\ 

where  T  =  resultant  wind  torque,  Ib-ft, 

A  =  projected  area  of  the  reflector,  ft2, 

V  =  wind  velocity,  mph, 

kt  =  coefficient  of  wind  torque. 

These  data  show  that  the  torques  are  reduced  by  placing  the  pivot  in 
front  of  the  vertex  of  the  paraboloid  surface.  With  grilled  surfaces  the 
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pivot  needs  to  be  displaced  forward  only  a  small  distance,  but  with  solid 
surfaces  it  is  advantageous  to  place  the  pivot  a  substantial  distance  in 
front  of  the  vertex. 

The  torques  induced  by  wind  loading  of  a  particular  reflector  can  be 
altered  by  as  much  as  100  per  cent  if  the  pivot  point  is  moved  a  short 
distance.  Hence,  torque  data  of  the  kind  recorded  in  Table  2-6  are 
unique  to  each  reflector.  A  rough  correlation  has  been  attempted  by 
averaging  the  data  on  only  those  reflectors  which  are  pivoted  in  front  of 
the  vertex.  These  average  values  are  plotted  in  Fig.  2-11.  The  curves 
show  that  the  solid  surface  may  exert  less  torque  than  the  slatted  surface 
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FIG.  2-11. — Wind  torques  on  paraboloidal  reflectors.     The  solid  reflectors  are  Noa.  8  and 
10.     The  slatted  reflectors  are  Noa.  1,  4,  5,  6,  and  7  in  Table  2-6. 

when  the  wind  direction  is  not  too  far  from  the  axis  of  the  reflector  but 
that  the  solid  surface  tends  to  develop  a  high  peak  torque  as  it  is  revolved. 

STRUCTURAL  CHARACTERISTICS  OF  SPECIFIC  REFLECTORS 
2-14.  Photographs  and  Tables. — Some  widely  used  reflectors  are  illus- 
trated in  the  figures  indexed  in  Table  27.     This  table  gives  the  weight 
and,  where  available,  the  manufacturing  cost  of  each  reflector.     Addi- 
tional structural  data  are  given  in  the  supplement  to  Table  2-7. 

In  comparing  the  weights  of  reflectors  that  are  similar  but  vary  in 
size,  it  is  reasonable  to  assume  that  the  total  weight  varies  roughly  with 
the  three-halves  power  of  the  projected  area.  This  assumption  is  based 
on  the  postulate  that  when  all  dimensions  of  a  specific  reflector  are 
retained  in  exact  proportion  as  size  is  changed,  the  weight  will  vary  with 
the  cube  of  any  linear  dimension. 
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TABLE  2-7. — MICROWAVE  REFLECTORS  (SUPPLEMENTARY  DATA) 

Reflector  1  (Figs.  35  and  36,  Sec.  3-3): 

Form Parabolic  cylinder 

Projected  contour Rectangle 

Reflecting  surface Solid  steel  sheet,  12  gauge 

Supporting  framework Welded  structural  steel.     Eleven  individual  reflec- 
tor sections,  each  27  ^  in.  wide,  fabricated  of  welded 
sheet  steel  and  structural  angles  are  bolted  onto  a 
centrally  supported  tubular  cantilever  beam 
Reflector  2  (Figs.  3-5  and  3-6, 

Sec.  3-3) : Same  as  Reflector  1 

Reflector  3  (Fig.  3  16,  Sec.  3-6): 

Form True  paraboloid 

Projected  contour Ellipse 

Reflecting  surface Expanded  metal,  18-gauge  steel,  £-in.  mesh  with  tin- 
long  dimension  of  the  diamond  vertical,  arc-welded 
to  the  framework 

Supporting  framework Carbon  steel  seamless  tubing,  f-in.  and  li-iii.  OD, 

arc-welded  at  joints 
Reflector  4  (Figs.  3-9  and  3-10,  Sec.  3-5): 

Form True  paraboloid 

Projected  contour Rectangle  with  corners  cut  away  on  a  45°  angle 

Reflecting  surface Galvanized  iron  hardware  cloth,  18-gauge  wire  on 

J-in.  centers,  soldered  to  grillwork  of  £-in.  OD  by 
18-gauge  steel  tubing 

Main  Truss Welded  steel  tubular  structure  with  reinforcement 

of  the  K-frame  type,  chord  members  2i-in.  OD  by 
14-gauge  tubing,  reinforcing  members  11-in.  OD 
by  16-gauge  tubing.  For  transportation  purposes, 
the  main  truss  is  made  in  five  separate  sections. 
The  joints  are  bolted  together  with  male  and 
female  flanged  connectors.  The  male  connector  is 
centered  on  a  machined  stud  that  accurately  fits 
the  mating  female  receptacle.  Ten  individual 
reflector  sections,  each  30  in.  wide,  are  made  by 
reinforcing  the  screen  and  grillwork  surface  with 
ribs  of  14-gauge  sheet  steel.  Each  of  the  indi- 
vidual reflector  units  is  held  in  exact  alignment  on 
the  truss  by  a  series  of  bolting  pads  that  are 
welded  to  the  main  truss.  The  main  truss  weighs 
808  Ib,  and  the  10  individual  reflectors  weigh  a 
total  of  823  Ib 
Reflector  5  (Figs.  3-9  and  3-10,  Sec.  3-5): 

Form True  paraboloid 

Projected  contour Rectangle  with  corners  cut  away  on  a  45°  angle 

Reflecting    surface    and    sup-  Galvanized  iron  hardware  cloth,  18-gauge  wire  on 
porting  framework.  ^-in.  centers,  soldered  to  grillwork  of  $-in.  OD  by 

18-gauge  steel  tubing 

Main  Truss Welded  steel  tubular  structure  with  reinforcement 

of  the  K-frame  type,  chord  members  2^-in.  OD  by 
14-gauge  tubing,  reinforcing  members  l|-in.  OD 
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TABLE  2-7. — MICROWAVE  REFLECTORS  (SUPPLEMENTARY  DATA) — (Continued} 

by  16-gaugc  tubing.  The  construction  is  similar 
to  that  of  Reflector  4,  except  that  the  main  truss 
is  in  six  separate  sections  and  the  complete  reflect- 
ing surface  is  a  composite  of  14  individual  reflec- 
tors. The  nuim  truss  weighs  1154  Ib,  and  the 
14  individual  reflectors  weigh  a  total  of  1128  Ib 


FIG.  2-12. — Experimental  search  antenna  reflector. 

Reflector  6  (Fig.  2-12): 

Form True  paraboloid 

Projected  contour Ellipse 

Reflecting  surface 24ST  aluminum  tubing  f-in.  OD  by  0.035-in.  wall 

on  1  Hn-  centers.  The  tubing  is  threaded  through 
punched  holes  in  $-  by  |-  by  &-in.  24ST  aluminum 
angles  and  is  anchored  in  place  by  crimping  the 
angles  adjacent  to  the  tubes 

Supporting  framework Box  girder  of  61SW  aluminum  sheets  0.081  in.  thick, 

relieved  with  14-in. -diameter  cutouts,  and  riveted 
with  A-in.  aluminum  rivets 
Reflector  7  (Fig.  2-13): 

Form Astigmatic  paraboloidal  surface 

Projected  contour  Rectangle  with  three  corners  cut  on  19°  angles 

Reflecting  surface 24ST  aluminum  tubing  £-m.  OD  by  0.035-in.  wall 

on  If-in.  centers.  The  tubing  is  threaded  through 
punched  holes  in  f-  by  f-  by  &-in.  24ST  aluminum 
angles  and  is  anchored  in  place  by  crimping  the 
angles  adjacent  to  the  tubes 

Supporting  framework Box  girder  of  61SW  aluminum  sheets  0.081  in.  thick, 

relieved  with  l4-in.-diamcter  cutouts,  and  riveted 
with  A-iii.  aluminum  rivets 
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Flo,  2-14.— AN/TPS-10  antenna  reBector. 
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TABLE  2-7.— MICROWAVE  REFLECTORS  (SUPPLEMENTARY 

Reflector  8  (Fig.  2-14  : 

iporm  True  puraboloid  surface 

Projected  contour         .  .  Ellipse 

Reflecting  surface 24ST  alumimini  tubing  J-in.  OD  by  20-gauge 

(0.035-in.)  wall  on  J-in.  centers.  The  tubing  is 
parallel  to  the  long  dimension  of  the  dish  to  give 
vortical  polarization.  The  tubing  is  threaded 
through  punched  holes  in  £-  by  £-in.  24ST  alumi- 
num angles  and  is  anchored  in  place  by  crimping 
the  angles  adjacent  to  the  tubes 

Supporting  framework Deep  webbed  channel  sections  of  61SW  aluminum 

sheet,  with  lightening  holes  cut  into  the  webs. 
Structural  sections  are  formed  to  approximate  the 
shape  of  the  dish.  For  transportation  purposes, 
the  reflector  is  made  in  three  sections,  a  center 
section  and  two  end  sections  that  arc  bolted  fast 
to  the  center  section  upon  assembly 


Li.  2-15       Antenna  reflector,      (a)   i  cm  view,  (ft)  front  view. 
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TABLE  2-7. — MICROWAVE  REFLECTORS  (SUPPLEMENTARY  DATA) — (Continued) 
Reflector  9  (Fig.  5-4,  Sec.  5-9): 

Form Paraboloid  of  revolution 

Projected  contour Cut  to  conform  to  the  —  14-db  contours  of  the  pro- 
jected primary  illumination 

Reflecting  surface Flat  aluminum  strips,   fa  in.  thick  by  f  in.  deep, 

spaced  |  in.  apart.  Ends  brazed  to  |-in.  OD  by 
iVin.  wall  periphery  tube 

Supporting  framework   iV-in-  aluminum  uprights  and  longitudinal  members 

with  £-iii.  OD  by  0.062-in.  wall  tubing  for  cross- 
bracing.  All  joints  between  sheet  metal  parts 
riveted  with  \ -in .-diameter  rivets.  Tubing  to 
sheet  metal  joints  brazed.  Reflecting  slats  crimped 
in  place 

lleflector  10  (Fig.  2-15a  and  b).     Identical  with  Reflector  9  except  that  the  lower 

longitudinal  frame  member  is  |-in.  aluminum 

ELECTRICALLY  SCANNING  FEEDS 

Any  device  that  produces  a  scanning  beam  of  radiant  energy  without 
the  motion  of  either  the  reflector  or  the  external  portion  of  the  feed  is 
termed  an  electrically  scanning  antenna.  Two  distinctly  different 
electrical  scanners  are  described  in  the  following  sections.  A  third 
electrical  scanner,  the  Delta  a  or  Eagle  scanner,  is  described  in  Sec.  6-14. 

2-16.  The  Robinson  Scanning  Feed.1 — The  use  of  a  trapezoidal  feed 
with  an  astigmatic  paraboloid  reflector  is  discussed  in  Sec.  2-9.  It  is 
advisable  to  become  familiar  with  that  section  prior  to  making  a  detailed 
study  of  the  construction  of  the  Robinson  scanning  feed,2  which  is  a 
trapezoidal  feed. 

Properties  of  a  Trapezoidal  Feed. — Figure  2-5  illustrates  a  flat  trapezoid 
in  front  of  an  astigmatic  paraboloid  reflector.  In  this  figure,  the  line  ED 
represents  a  locus  of  points  on  which  the  antenna  feed  may  be  located. 
The  line  BC  is  the  boundary  at  which  r-f  energy  leaves  the  feed  and  is 
radiated  to  the  reflecting  surface.  Equations  (1)  and  (2)  in  Sec.  2-9 
define  the  astigmatic  reflecting  surface  on  the  basis  of  radiation  of  energy 
from  the  point  S.  The  trapezoid  BCDE  is  illustrated  in  Fig.  2-5  as  a 
single  flat  surface.  In  actual  construction  this  trapezoid  consists  of  two 
parallel  surfaces  f  in.  apart.  The  energy  from  the  feed  at  the  point  S 
is  confined  by  these  surfaces  and  is  not  free  to  diverge  in  the  direction  of 
the  OZ-axis  until  it  passes  the  boundary  line  BC. 

If  a  reflector  that  is  a  paraboloid  of  revolution  is  illuminated  by  a 
point  source,  the  beam  may  be  tilted  off  the  axis  of  the  paraboloid  by 
moving  the  feed  in  a  direction  perpendicular  to  the  axis.  The  pattern 
of  the  beam  deteriorates  and  the  gain  falls  off  when  this  is  done.  Experi- 

1  Photographs  in  this  section  are  through  the  courtesy  of  the  American  Machine 
and  Foundry  Co. 

2  C.  V.  Robinson,  Microwave  Antenna  Theory  and  Design,  Vol.  12,  Chap.  16. 


46  GROUND  AND  SHIP  ANTENNAS  [Sue.  2-15 

ments  have  shown  that  the  deterioration  at  a  given  tilt  angle  is  approxi- 
mately inversely  proportional  to  the  beamwidth  and  decreases  as  the 
value  of  the  ratio  f/D  is  increased.1  In  the  design  here  considered, 
a  reflector  having  a  9-ft  focal  length  and  15-ft  projected  diameter  gives 
f/D  —  O.G.  With  this  reflector,  the  deterioration  is  not  rapid  until  a 
tilt  angle  of  5£°  is  reached.  At  this  angle  the  deterioration  becomes  rapid, 
mid  this  Robinson  scanning  feed  is  limited  to  an  over-all  scan  of  11°. 

The  Folded  Trapezoidal  Feed. — Referring  again  to  Fig.  2-5,  scanning 
is  accomplished  by  moving  the  feed  back  and  forth  along  the  line  ED. 
The  system  is  in  true  focus  when  the  feed  is  at  the  point  S  but  is  still 
sufficiently  in  focus  at  either  of  the  extreme  points  E  or  D  to  cause  no 
more  than  a  loss  of  1  db  in  the  over-all  antenna  system.  It  is  entirely 
possible  to  construct  a  trapezoidal  feed  of  two  flat  sheets  as  illustrated  in 
Fig.  2-5,  with  a  mechanical  device  for  moving  the  feed  backward  and  for- 
ward along  the  line  ED.  Such  a  device  would  be  extremely  cumbersome, 
and  the  speed  at  which  the  feed  could  be  moved  would  be  limited  by  the 
mechanical  properties  of  the  system.  The  trapezoid  BCDE  is  therefore 
folded  in  such  a  manner  that  it  forms  a  true  circle  of  the  line  ED.  The 
uniform  -J-in.  spacing  is  maintained  throughout.  The  folded  feed  has 
the  electrical  properties  of  the  flat  trapezoid  but  is  now  in  a  structural 
form  that  allows  the  feed  to  be  rotated  rapidly  around  the  annular 
aperture  EDS. 

Schematic  Diagram  of  the  Folded  Feed. — Figure  2-16  shows  a  schematic 
arrangement  of  the  Robinson  scanning  feed,  which  is  essentially  the 
folded  trapezoid  discussed  in  the  preceding  paragraph.  The  designations 
ft,  C,  D,  E,  N,  and  S  that  are  used  in  Fig.  2-5  are  duplicated  in  Fig.  2-16  in 
order  to  correlate  the  two  diagrams.  The  line  ED  now  appears  as  an 
annular  aperture  of  two  concentric  cylinders  whose  inner  faces  are  £  in. 
apart,  the  points  E  and  D  being  superposed  at  the  point  where  the  folded 
ends  of  the  trapezoid  join.  The  line  EC  remains  a  straight  line  and  on 
Fig.  2-16  is  a  rectangle  £  in.  wide  and  approximately  8  ft  long.  The 
scanning  feed  could  be  terminated  at  the  boundary  line  BC,  but  a  short 
flared  section  is  added  to  reduce  the  dispersal  of  energy  as  it  leaves  the 
feed.  The  point  S  appears  180°  from  the  points  D  and  E,  and  the  point  N 
immediately  below  it.  The  folded  surfaces  run  directly  backward  from 
the  point  S  to  the  point  0  and  are  there  reversed  to  return  to  the  point  N. 
Energy  is  supplied  through  the  rotating  waveguide  //,  which  is  counter- 
balanced and  can  be  rotated  rapidly.  The  cylindrical  housing  within 
which  the  feed  rotates  is  grooved  and  shaped  to  form  conventional  choke 
sections  and  waveguide  conducting  surfaces,  so  that  the  energy  from  the 
waveguide  will  flow  into  the  Robinson  scanning  feed  at  various  points 
along  the  annular  aperture  EDS. 

1  J.  R.  Risser,  Microwave  Antenna  Theory  and  Design,  Vol.  12,  Chap.  11. 
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Power  Absorber. — If  the  folded  surface  is  joined  at  ED  to  form  a  metal 
barrier,  r-f  mismatching  will  be  produced  as  the  feed  //  rotates  past  this 
barrier.  The  metal  barrier  at  ED  is  therefore  replaced  with  a  material 


B 
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Power  absorber 
shown  in  detail  A 


Power  absorber 
to  be  flush  with 
the  inside  surface 
of  the  annular 
guide  - 


Detail  A 


FIG.  2-10. — Schematic  arrangement  of  Robinson  scanning  feed. 

that  will  absorb  such  energy  as  impinges  upon  it  and  convert  that  energy 
into  heat.  A  typically  shaped  power  absorber  is  shown  in  Fig.  2-16. 
The  choice  of  a  suitable  power-absorbing  material  is  critical  in  the  design 
of  the  scanning  feed.  Finely  divided  iron  in  a  matrix  of  organic  binder, 
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known  as  Polyiron  D-l,  was  originally  employed.  Although  the  power- 
absorbing  properties  of  the  Polyiron 
are  excellent,  it  was  found  that  the 
Polyiron  absorber  was  disintegrated 
by  thermal  shock.  Furthermore,  the 
heat  generated  in  the  absorber  was 
sufficient  to  destroy  the  plastic  binding 
material  and  leave  a  residue  with  very 
poor  absorbing  properties.  An 
absorbing  material  of  40  parts  silicon 
carbide  and  100  parts  porcelain1  was 
substituted  for  Polyiron  and  proved  to 
be  entirely  satisfactory.  The  matrix 
of  silicon  carbide  and  porcelain  is  a 
ceramic  that  can  be  heated  to  a  dull 
red  without  injury  to  its  r-f  absorbing 
properties,  and  it  has  an  adequate 
resistance  to  thermal  shock. 

Inner  Surface. — The  inner  portion 
of  the  scanning  feed  is  shown  in  Fig. 
2-17.  The  central  portion  is  a 
machined  aluminum  casting  which  is 
called  the  "inner  horse  collar."  A 
continuous  sheet  of  aluminum  is  made 
fast  to  the  inner  horse  collar  with  a 
series  of  closely  spaced  flush-head 
machine  screws.  The  completely 
machined  inner  horse  collar,  but  not 
the  attached  aluminum  sheet,  is  shown 
at  the  left  in  Figs.  2-18  and  2-19.  The 
edge  of  the  inner  horse  collar  is  grooved 
so  that  the  surface  of  the  attached 
aluminum  sheet  will  be  flush  with  the 
surface  of  the  horse  collar.  The 
cylinder  that  surrounds  the  rotating 
feed  H  is  an  integral  portion  of  the 
inner  horse  collar. 

Outer  Surface. — The  outer  portion 
of  the  scanning  feed  is  shown  in  Fig. 
2-20.     The  central  portion  again  con- 
sists of  a  machined  aluminum  casting, 
this  one  being  known  as  the  "outer 
horse  collar."     A  continuous  sheet  of  aluminum  is  made  fast  to  this  cast- 
1  This  material  WJLS  supplied  by  the  Bell  Telephone  Laboratories. 


FIG.  2-17.-  -Inner  surface  of  the  Robin- 
son scanning  feed. 
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ing  in  a  manner  similar  to  that  described  in  the  previous  paragraph.  The 
outer  horse  collar  comprises  not  only  the  surfaces  to  which  the  outer 
aluminum  sheet  is  made  fast  but  also  the  inner  core  of  the  cylindrical  por- 
tion of  the  scanning  feed.  The  completely  machined  outer  horse  collar, 
but  not  the  attached  aluminum  sheet,  is  shown  at  the  right  in  Figs.  2-18 
and  2- 19. 


FIQ.  2-19. — Inner  and  outer  horse  collars. 

Assembly  of  the  Inner  and  Outer  Surfaces. — Figure  2-21  shows  both  the 
inner  and  outer  members  prior  to  final  assembly.  The  complete  inner 
member  slides  inside  the  complete  outer  member  to  form  a  folded  trape- 
zoid  having  a  -f-in.  interspace.  The  edge  of  the  inner  horse  collar  is 
sharp  or,  at  best,  rounded  slightly,  and  the  machined  metal  surface 
beyond  this  sharp  edge  is  a  continuation  of  the  contour  of  the  rolled 
aluminum  sheet.  The  most  critical  areas  of  the  scanner  are  those  where 
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the  outer  horse  collar  surface  rolls  over  the  sharp  edge  of  the  inner  horse 

collar.  The  nominal  distance  between 
the  two  surfaces  is  f  in.,  but  this  di- 
mension is  slightly  altered  at  the  point 
where  the  outer  surface  rolls  over  the 
sharp  inner  surface.  These  altera- 
tions were  incorporated  in  the  design 
after  a  long  series  of  experiments  to 
produce  an  assembled  scanner  that 
would  function  without  mismatching 
of  the  radiated  energy.  Accurate  align- 
ment at  the  sharply  rolled  section  is 
secured  by  means  of  flat  machined 
interfaces  on  the  inner  and  outer  horse 
collars.  Figures  2-18  and  2-19  show 
these  interfaces,  which  are  doweled  so 
that  they  can  be  bolted  together  firmly. 
Spacing  of  the  aluminum  sheets  is 
achieved  by  the  insertion  of  studs  f  in. 
in  height,  located  throughout  the 
length  of  the  scanner.  The  studs  in 
the  lower  portion  of  the  outer  member 
are  visible  in  Fig.  2-21.  The  stud  is 
not  a  simple  mechanical  post  but  is  in 
itself  a  small  choke  joint,  so  that 
energy  impinging  on  a  stud  will  not 
be  reflected  to  produce  mismatching. 
The  surfaces  are  stiffened  by  a  series 
of  machined  webs.  Figure  2-17  shows 
these  machined  webs  placed  inside  the 
inner  surface.  The  aluminum  sheet  is 
brazed  to  the  machined  surface  of  each 
of  the  web  sections.  A  similar  con- 
struction, shown  in  Fig.  2-20,  has  been 
employed  to  stiffen  the  outer  alumi- 
num sheet.  After  the  inner  and  outer 
members  have  been  pushed  together 
for  final  assembly,  the  stiffening  ribs 
are  bolted  together  as  illustrated  in 
Fig.  2-22.  Assembly  is  now  complete, 
except  for  attaching  the  end  sections 
and  sealing  the  front  of  the  flared 
section  of  the  scunner  with  a  strip  of 


FIG.  2-20. 


Outer  surfiu-o  of  the  Robin- 
)(ju  .scLiiuiJiifr  food. 
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Machining  of  the  Outer  Horse  ("ollar. — If  a  trapezoid  comprised  of  a 
single  sheet  of  thin  metal  is  folded  into  the  desired  form,  the  contour  of  the 
sharp  edge  at  the  fold  can  be  considered  a  "theoretical  curve."  Thesharp 
edge  of  the  inner  horse  collar  corresponds  approximately  to  this  theo- 
retical curve.  The  surface  of  the  outer  horse,  collar  rolls  over  this  iheo- 
retical  curve  in  a  manner  that  allows  an  interspace  of  approximately  :[  in. 
Figure  2-23  shows  the  relation  between  the  theoretical  surface  and  the 
inner  and  outer  metallic  surfaces.  The  inner  horse  collar  is  shown  in 


FIG.  2-21. — Assembly  of  the  inner  and  outer  surfaces  of  the  Robinson  granning  food. 

broken  lines;  the  outer  horse  collar  is  shown  in  solid  lines,  and  the  theo- 
retical surface  is  shown  in  dot-arid-dash  lines.  It  will  be  noted  in  the 
details  a  and  b  that  the  inner  surface  is  displaced  from  the  theoretical 
surface  by  the  thickness  of  the  metal  and  that  the  outer  surface  is  dis- 
placed an  additional  f  in.  The  machining  of  the  inner  surface  presents 
no  very  difficult  problem,  but  the  contouring  of  the  curve,  where  the  outer 
surface  rolls  over  the  inner  surface  requires  special  tooling. 

The  machine  built  to  do  this  special  tooling  is  shown  in  Fig.  2-24.  A 
cam  corresponding  to  the  theoretical  curve  is  cut  on  a  cylinder.  The 
rough  casting  of  the  outer  horse  collar  is  mounted  on  a  shaft  concentrically 
with  the  cylindrical  cam.  The  cylindrical  cam  and  the  work  are  rigidly 
bolted  to  a  common  arbor.  Both  the  cam  and  the  work  are  Iree  lo  move1 
as  a  unit  longitudinally  along  the  bed  on  which  the  arbor  is  mounted, 
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and  both  are  free  to  rotate  as  a  single  unit.  Any  motion  of  the  cam  is 
therefore  duplicated  by  the  motion  of  the  work.  A  ball  cutter,  revolving 
in  a  fixed  location,  is  used  as  the  finishing  tool.  The  edge  of  the  cam  is 
moved  over  a  roller  guide  that  is  fixed  in  position  in  relation  to  the  cutting 
tool.  The  cam  is  held  against  the  roller  by  a  piston  that  is  under  air 
pressure  to  maintain  an  adequate  force  but  that  allows  longitudinal  move- 
ment as  the  cam  and  work  are  rotated.  With  each  complete  cut,  which 

is  made  without  alteration  of  the  tool  loca- 
tion, the  shape  of  the  cam  is  transferred  in 
three,  dimensions  to  the  finished  surface  of  the 
work. 

The  rolled  sections  of  the  outer  horse  collar 
meet  to  form  the  sharp  edge  that  is  visible 
as  a  U-shape  in  Fig.  2-24.  It  is  at  this  point 
that  the  power  absorber  is  inserted.  The 
metal  is  cut  back  until  its  thickness  is  equal 
to  that  of  the  power  absorber,  and  the 
ceramic  is  held  in  place  by  suitably  located 
grooves.  Loose  slots  are  employed  to  allow 
for  thermal  expansion  of  the  power  absorber. 
The  Complete  Feed. — The  complete  Robin- 
son scanning  feed  is  shown  in  Figs.  2-25,  2-26, 
and  2-22.  Castings  are  fabricated  of  356HTG 
aluminum;  the  formed  aluminum  sheets  are 
SIX  aluminum;  and  the  braces  are  52S  alumi- 
num. The  complete  scanning  feed  is  slightly 
over  8  ft  long  by  2  ft  deep  and  weighs  about 
200  Ib. 

Resin-impregnated  Fiberglas  having  been 
found  to  be  an  effective  material  for  trans- 
mitting r-f  energy  (see  Sec.  13-14),  the 
window  that  seals  the  front  of  the  flared  horn 
is  comprised  of  one  continuous  strip  of 
Fiberglas  approximately  A  in.  thick.  A 
rubber  gasket  is  employed  as  a  seal  between  the  Fiberglas  and  the  alumi- 
num, and  rubber  gaskets  are  also  employed  to  seal  the  plates  that  close 
the  extreme  ends  of  the  horn.  With  all  of  these  precautions,  it  is  still 
impossible  to  secure  a  completely  watertight  feed;  or  if  the  feed  is  com- 
pletely watertight,  water  may  still  be  accumulated  because  of  condensa- 
tion. Consequently,  drain  holes  are  suitably  located  in  the  horn  and  its 
associated  equipment.  In  Fig.  2-16,  a  drain  hole  is  shown  located  at 
point  C.  Drain  holes  are  also  drilled  in  the  annular  cavities  that  surround 
the  rotating  waveguide. 


FIG.    2-22. — Side    view    of    the 
Robinson  scanning  feed. 
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Sectional  view  A-A 
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Sectional  view  B-B 
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Enlarged  view  of  portion  a  Enlarged  view  of  portion  b 

FIG.    2-23. — Diagram  of  the  throat   of   the    Robinson   .scanning   feed. IIIIUT 

horse  collar.     Outer  horse  collar. Theoretical  surface. 


.  2-24.-- Machining  of  the  outer  horse  collar. 
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Alternate  Methods  of  Construction. — Experimental  models  of  the 
Robinson  scanning  feed  have  been  fabricated  by  casting  and  machining 
only  the  annular  sections  that  surround  the  rotating  waveguide.  The 


FIG.  2-25.  FIG.  2-26. 

FIG.  2-26. — Front  view  of  the  Robinson  bcaimiiiK  feotl  .showing  plastic  window  at  left. 
FIG.  2-2ei. — Rear  view  of  the  Robinson  .scanning  feed. 

entire  inner  member  and  the  entire  outer  member  are  then  made  by  the 
direct  forming  of  aluminum  sheets.  This  method  of  construction  is 
fairly  inexpensive  and  light,  but  the  dimensions  are  not  exact.  Further- 
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more,  the  joint  between  the  formed  sheet  metal  and  the  cylindrical 
casting  has  little  structural  rigidity. 

A  third  method  of  construction  employs  electroforming  over  suitably 
prepared  molds.  Small  feeds  for  3-cm  radiation  have  been  produced  by 
electroforming  methods,  but  the  feed  illustrated  in  this  section  would  be 
inordinately  heavy  if  made  of  any  material  other  than  aluminum  or 
magnesium. 

2-16.  The  Schwarzschild  Scanning  Feed. — Development  of  the 
Schwarzschild  antenna  system  (see  Fig.  2-27)  was  initiated  to  meet  the 
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FIG.  2-27. — Perspective  view  of  horn,  reflector,  and  feed  of  the  Sohwarzschild  scanner. 

requirements  for  a  position-finding  radar  to  supply  present-position  data 
for  seacoast  fire  control  against  surface  targets.  The  technical  require- 
ments established  for  the  system  included  an  azimuthal  accuracy  of  0.05°. 
Because  a  rapid  scan  of  a  small  sector  was  desired,  it  was  decided  to  use  an 
electrical  scanner. 

To  secure  the  required  gain  and  beam  width  in  the  azimuth  direction, 
a  system  was  designed  with  a  radiator  having  effective  dimensions  10J  ft 
in  the  horizontal  direction  arid  approximately  2  ft  in  the  vertical.  When 
such  an  aperture  is  properly  illuminated  with  3-cm  radiation,  the  trans- 
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mitted  beam  dimensions  at  the  half -power  points  measure  approximately 
0.6°  horizontally  and  3°  vertically.  To  secure  focusing  in  the  vertical 
plane,  a  semiparabolic  cylinder  is  used  for  a  reflecting  surface.  This 
surface,  as  shown  in  Fig.  2-27,  is  illuminated  by  a  line  source  10J  ft  long, 
located  at  its  focal  line  to  produce  a  suitable  vertical  pattern.  The  line 
source  produces  a  controllable  uniform  phase  variation  along  its  length, 
causing  the  beam  to  scan  the  required  10°  sector.  For  this  purpose,  an 
optical  system  was  designed  for  satisfactory  performance  over  the 
required  angular  region.  This  system,  in  which  energy  is  propagated 
between  parallel  plates,  will  be  discussed  at  some  length. 

The  desired  scan  could  be  obtained  from  a  pillbox  antenna  feed  if 
the  feed  horn  were  oscillated  through  the  focus  along  a  line  parallel  to 
the  exit  flaps.  This  method  of  scanning  is  satisfactory  for  a  narrow  scan 
sector.  But  because  a  scanning  beam  broadens  when  it  is  moved  more 
than  three  or  four  beam  widths  away  from  its  normal  position,  the  pillbox 
antenna  feed  is  unsuitable  for  the  purpose  of  finding  position  accurately. 

A  similar  situation  was  encountered  with  astronomical  reflecting 
telescopes:  The  focusing  of  the  light  from  a  star  upon  a  photographic, 
plate  is  imperfect  if  the  star  is  too  far  away  from  the  axis  of  the  parab- 
oloidal  reflector.  A  well-known  remedy,  devised  by  Schwarzschild  for 
this  aberration  (coma)  in  reflecting  telescopes,  was  adapted  to  the  radar- 
scanning  problem.  In  a  telescope  a  small  secondary  reflector  is  introduced 
between  the  main  reflector  and  its  focal  point;  the  photographic  plate  is 
located  between  the  reflectors  and  faces  the  secondary  reflector.  By 
proper  curvature  of  the  two  reflecting  surfaces  of  revolution,  the  system 
can  be  made  perfect  in  the  sense  that  any  star  in  the  field  of  view,  even  if 
off  axis,  gives  a  point  image  on  a  certain  focal  surface.  The  reflecting 
surfaces  are  not  mathematically  simple,  but  they  can  be  conveniently 
described  by  polynomial  equations.  Within  limits,  for  convenience  of 
construction  of  the  telescope  the  system  can  be  designed  with  some  choice 
of  spacing  of  the  surfaces. 

The  radar-scanning  feed  analogous  to  the  Schwarzschild  telescope  is 
illustrated  in  Fig.  2-28.  The  parallel  plates  are  folded  as  in  Fig.  2-28d. 
In  Fig.  2-28c  is  shown  the  median  surface  midway  between  the  plates. 
The  mathematical  analysis  applies  to  the  geometry  of  the  folds,  which  are 
analogous  to  the  mirrors  of  a  telescope.  The  exit  flaps  of  the  folded  horn 
are  shown  at  A ;  fold  B  corresponds  to  the  primary  reflector  of  the  tele- 
scope; fold  C  is  analogous  to  the  secondary  reflector;  and  curve  D  is  the 
focal  line. 

The  surfaces  of  the  primary  reflector  fold  B  and  secondary  reflector 
fold  C  are  calculated1  according  to  the  equations 

a-i  =  0.5i/2  -  0.031 25?/4  -  0.020i/fl 
1  Microwave  Antenna  Theory  and  Design,  Vol.  12,  Chap.  15. 
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respectively.  The  coordinate  x  is  parallel  to  the  direction  of  the  optical 
axis,  and  coordinate  y  is  perpendicular  to  it.  Figure  2-28d  is  an  isometric 
schematic  diagram  of  the  plates,  whereas  Figs.  2-28a,  6,  and  c  show  the 


(d) 


FIG.  2-28. — Schematic  diagram  of  Schwarzschild  horn. 


median  surface  as  imagined  when  folded  and  stretched  at  the  folds. 
The  horn  is  also  shown  in  Fig.  2-27.  An  additional  bend  between  A  and 
B,  not  shown  in  Fig.  2-28  appears  in  Fig.  2-27.  This  bend  has  no  effect 
on  the  focusing  properties  of  the  horn  and  is  intended  only  as  a  means  of 
compacting  the  design  and  directing  the  energy  toward  the  external 
reflector.  The  focal  length  of  the  primary  reflecting  fold  is  1 0  ft. 

This  antenna,  like  all  modern  radar  antennas,  depends  on  the  principle 
of  reversibility.     The  focusing  of  energy  from  a  distant  point  in  space  to  a 
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point  on  the  focal  curve  has  been  discussed.  Reciprocally,  a  point  source 
of  radiation  at  any  position  on  the  focal  curve  will  produce  a  beam  of 
energy  well  focused  in  space.  By  moving  this  point  source  along  the 
focal  curve,  it  is  possible  to  scan  the  beam. 

There  is  in  the  flared  section  an  equivalent  line  where  the  radiation 
may  be  considered  to  originate.  This  line  lies  at  the  focus  of  the  cylin- 
drical semiparabolic  reflector,  as  required  for  a  satisfactory  vertical 

pattern.  The  plates  are  flared  at 
the  exit  gap.  The  flare  dimen- 
sions are  chosen  to  match  the  horn 
to  space  and  to  illuminate  properly 
the  external  reflector. 

The  system  is  weatherprpofed 
by  a  plastic  closure  of  such  dimen- 
sions that  the  reflections  from  the 
inner  arid  outer  surfaces  cancel 
each  other  by  destructive  inter- 
ference. The  reflector  is  so  dis- 
posed with  respect  to  the  flare 
section  that  no  radiation  is  re- 
turned to  the  flare.  Its  presence, 
therefore,  docs  not  affect  the 
match  of  the  horn  to  space  (see 
Fig.  2-27). 

The  Feed  and  Data  System. — 
Fortunately,  the  focal  curve  may 
be  approximated  by  a  circular  arc. 
The  feed  can  thus  be  moved  along 
this  arc  by  rotation  about  a  fixed 
axis.  To  reduce  the  fatigue  of  the 
operator,  resulting  from  flicker  of 
the  scope,  and  to  make  the  display 
as  nearly  continuous  as  may  be 
practical,  it  is  desirable  to  use  a 
rapid  rate  of  scan.  An  oscillating  feed  or  a  Robinson  feed  may  be 
employed,  but  actually  a  four-arm  steadily  rotating  feed  is  used,  as  illus- 
trated in  Fig.  2-29.  An  r-f  switch  is  provided  to  direct  the  energy  from  the 
waveguide  transmission  line  into  whichever  of  the  four  rotating  arms  is 
momentarily  looking  into  the  edge  D  of  the  space  bet  ween  the  parallel  plates 
shown  in  Figs.  2-28  and  2-27.  Figure  2-29,  revealing  a  part  of  the  switch, 
shows  a  rotary  joint  similar  to  the  one  shown  in  Fig.  6-8  with  the  exception 
of  the  four  waveguides  that  are  attached  to  the  rotor.  A  cylindrical  vane 
at  all  times  prevents  radiation  of  energy  into  the  arms  that  are  not  opposite 


FIG.  2-29. — Phantom  view  of  r-f  switch. 
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the  window  in  the  vane.  The  window  subtends  an  arc  somewhat  exceed- 
ing 90°,  and  its  proportions  are  designed  for  a  good  r-f  match.  It  is 
possible  to  keep  the  magnetron  operating  at  a  constant  frequency  during 
switching  by  a  single  setting  of  the  line-stretcher1  between  the  magnetron 
and  the  feed. 

The  arms  shown  in  Fig.  2-27  rotate  as  a  unit  with  the  r-f  switch.  Each 
in  turn  carries  the  r-f  energy  to  the  entrance  of  the  horn  proper.  Just 
beyond  the  entrance  to  the  horn  is  a  reverse  bend  to  ensure  clearance  of 
the  horn  structure  by  the  arms  during  their  travel  in  the  cutoff  condition. 
The  arms  are  flared  in  the  horizontal  plane  to  afford  good  illumination 
of  the  horn  and  a  good  radiation  pattern.  They  are  also  slightly  flared 
in  the  vertical  plane  to  improve  the  match  to  the  horn.  The  r-f  switch 
includes  a  tuning  plug  with  spring  fingers  in  the  tube  above  the  four  radial 
arms.  This  plug  or  cup  can  be  adjusted,  thus  making  possible  the  use  of 
the  feed  over  a  frequency  range  of  8740  to  9170  Me/sec.  The  plane  of 
polarization  is  vertical. 

The  r-f  switch  energizes  consecutively  the  four  arms,  which  produce 
four  scans  of  the  field  of  view  per  rotation  of  the  switch.  The  data- 
transmission  system  is  geared  to  run  at  4-speed  with  respect  to  the  feed 
unit  in  order  to  maintain  the  same  relationship  to  each  of  the  four  arms. 
The  data-transmission  system  also  includes  a  photoelectric  gate  generator 
that  blanks  the  radar  indicator  between  successive  scans  while  the  feed 
is  switching.  On  the  same  shaft  there  is  a  photoelectric  pip  generator 
used  to  develop  fiducial  angle  marks.  The  data  take-off  is  a  special 
variable  condenser  that  in  series  with  a  fixed  capacitor,  constitutes  a 
voltage  divider  across  a  1-Mc  oscillator.  The  divider  output  is  detected 
and  amplified  to  produce  the  azimuth  sweep  on  the  indicator  tube. 

Construction  in  Plywood.  —  The  horn,  as  discussed  previously,  is 
designed  to  approximate  the  optical  performance  of  a  pair  of  mirrors. 
One  step  in  making  this  unit  behave  as  designed  is  to  construct  the  horn 
so  that  the  metallic  surfaces  are  spaced  less  than  one-half  wavelength 
apart.  All  propagating  modes  are  then  polarized  perpendicularly  to 
the  surfaces  and  have  a  constant  wavelength  in  the  horn  equal  to  the  free- 
space  wavelength.  Half  a  wavelength  is  about  f  in.;  but  in  practice, 
manufacturing  specifications  call  for  spacing  of  £  in.  with  a  tolerance  of 
-fi  and  —  -g-  in.  The  variation  of  spacing  must  be  gradual  in  terms  of 
quarter  wavelengths.  This  requirement  is  met  more  or  less  automati- 
cally when  plywood  is  used  in  the  construction.  The  reduced  spacing  also 
improves  the  approximation  involved  when  the  geometry  of  the  centered 
surface  is  used  for  the  geometry  of  the  horn.  The  nondevelopable  sur- 
faces are  held  to  a  tolerance  of  +^  in. 


1  A  device  for  making  slight  adjustments  in  the  effective  length  of  the  trans- 
mission line. 
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Outer  member 


The  antenna  system  must  be  stout  enough  to  withstand  80-mph  winds, 
small  enough  to  fit  in  the  space  available,  and  light  enough  to  reduce  the 
moment  of  inertia  as  much  as  possible.  In  addition  to  these  specifica- 
tions, the  material  used  must  be  carefully  chosen  on  the  basis  of  freedom 
from  warpage  over  a  long  term  of  extreme  climatic  conditions,  since  any 
deflection  from  the  specified  contours  of  the  antenna  is  immediately  felt 
in  the  electrical  performance  of  the  entire  system. 

Experiments  proved  that  plywood,  with  its  large  flat  surface,  is 
excellent  because  it  is  approximately  12.5  times  as  rigid  as  an  equal  weight 
in  either  sheet  aluminum  or  sheet  steel.  The  double-curved  surfaces  at 

the  folds  can  be  made  by  molding, 
but  early  samples  of  this  process 
were  not  altogether  satisfactory. 
It  is  also  feasible  to  form  these 
surfaces  by  routing  a  laminated 
structure.  Either  process  gives 
better  results  than  forming  the 
double-curved  surfaces  of  sheet 
metal,  although  sheet  metal  was 
used  successfully  on  one  model. 
Figure  2-30  is  a  vertical  section 
through  one  of  the  folds.  In  con- 
structing the  inner  member,  the 
-J-in.  plywood  sheets  are  bonded 
to  the  spacing  ribs.  The  nose- 
piece  is  bonded  in  place,  and  the  composite  structure  is  cut  by  a  shapcr  to 
the  semicircular  section  shown.  The  proper  Schwarzschild  curvature  is 
obtained  by  guiding  the  work  with  a  template.  Copper  sheets  0.003  in. 
thick,  cut  to  size,  and  tinned  along  the  edges  can  be  made  to  conform  to  the 
surface  when  laid  in  place  and  bonded  with  Bostic  Precoat  and  Cement 
(manufactured  by  BB  Chemical  Company,  Cambridge,  Mass.).  Each 
piece  is  readily  deformed  to  cover  one-half  of  a  nondevelopable  surface.  A 
lap  joint  is  then  formed  by  soldering  the  copper  along  the  meridian  section. 
Precautions  must  be  taken  to  avoid  overheating  and  damaging  the 
neighboring  copper  bond.  The  construction  of  the  outer  member  is 
similar  to  that  of  the  inner  member,  the  backing  of  the  nondevelopable 
surface  being  shaped  to  a  template  from  members  f-in.  thick, 
built-up  of  i-in.  laminates  and  bonded  along  the  curved  edge  of  the  central 
sheet.  Copper  foil  cut  to  shape  is  bonded  in  place  on  each  member. 

At  the  time  of  assembly,  the  inner  and  outer  members  are  properly 
positioned  by  dowels  in  locating  holes.  Finishing  strips  are  used  to  close 
the  sides  of  the  horn  and  tie  the  flat  sheets  together  into  a  rigid  unit. 

The  external  reflector  is  built  up  from  a  series  of  plywood  bulkheads 


FIG.  2-30. — Vertical  section  through  fold  of 
Schwarzschild  horn. 
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covered  with  a  thin  plywood  skin,  and  the  reflecting  surface  is  formed  by 
bonding  copper  to  the  parabolic  cylindrical  surface.  Typical  aircraft 
plywood  construction  is  used  throughout  the  construction  of  the  horn, 
its  supporting  frame,  and  the  plywood  skin.  All  beams  are  box  sections 
with  plywood  bulkheads  and  cutout  lightening  holes.  The  supporting 
frame,  integral  with  the  mounting  yoke,  is  shown  in  Fig.  2-31.  Several 
transverse  ribs  underneath  the  frame  support  the  plywood  skin.  As 
illustrated  in  Fig.  2-27,  the  folded  horn  is  bonded  to  several  box  members 
which  run  across  the  principal  ring  frame,  thus  making  the  horn  an 
integral  part  of  the  structure  that  encloses  it.  The  entire  antenna  unit 
is  attached  to  its  pedestal  by  means  of  a  steel  box-section  frame  bolted 
to  the  plywood  yoke. 


Yoke 

Box  frame 

Ribs  ^ 

FIG.    2-31. • — Plywood   construction  of  the   supporting   frame   iintl  yoke   of   Schwui jsachikl 

antenna,. 

Weatherproofitig  the  Plywood  Structure. — All  plywood  laminations  and 
nonlaminated  pieces  of  stock  used  in  the  assembly  are  impregnated  with 
or  dipped  in  Celcure  to  increase  their  resistance  to  fungus,  termites,  and 
borers.  All  internal  surfaces  are  painted  with  copper-flake  paint  and 
antifungus  varnish. 

To  prevent  water  condensation  in  the  antenna  structure,  an  air-duct 
system  feel  by  a  heater  and  a  blower  is  built  into  the  set  and  circulates  air 
through  the  entire  antenna  enclosure,  with  forced  feed  through  the  horn. 
While  the  system  is  in  operation,  the  power  dissipated  by  the  feed  motor, 
receiver,  transmitter,  and  other  components  maintains  the  temperature 
of  the  enclosure  a  few  degrees  above  the  ambient  temperature.  When 
the  set  is  not  in  operation,  a  thermostatic  control  on  the  heater  system 
regulates  the  temperature  of  the  enclosure. 

MECHANICALLY  SCANNING  FEEDS 

When  a  cyclic  displacement  is  imparted  to  the  entire  antenna  feed 
relative  to  the  reflector  in  order  to  obtain  a  scanning  beam  of  radia- 
tion, such  a  feed  is  called  a  mechanically  scanning  feed.  Such  feeds  are 
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employed  exclusively  when  a  conical  scan  is  desired.  Either  rotating  or 
nutating  feeds  may  be  used  for  this  purpose.  At  times,  mechanically 
scanning  feeds  are  also  used  to  effect  a  scan  oscillating  through  a  small 
angle. 

2-17.  Rotating  Feeds. — The  azimuth  and  height  of  a  single  target  can 
be  accurately  determined  by  tracking  the  target  with  a  pencil  beam. 
Tracking  is  usually  accomplished  by  spinning  the  pencil  beam  so  that  it 
forms  a  conical  scan  of  radiated  energy  in  space,  as  shown  in  Fig.  2-32. 
If  an  echo  received  at  the  0°  reference  point  of  the  conical  scan  is  of  equal 
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Axis  of  the  conical  scan 


•Area 


Cross  section  of  beam 
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FIG.  2-32. — Conical  scan.     A  section  of  the  beam  is  illustrated  at  a  point  of  crossover 
where  the  one-way  power  is  80  per  cent  of  the  maximum. 

strength  with  the  echo  received  at  the  1 80°  conical  scan  location,  the  tar- 
get is  centered  on  the  antenna  with  respect  to  one  reference  plane.  If, 
at  the  same  time,  equal  echoes  are  received  from  the  90°  and  the  270° 
conical  scan  locations,  the  antenna  as  a  whole  is  centered  on  the  target. 
A  reference  generator  is  employed  to  pick  off  the  signals  received  at  the 
0°,  90°,  180°,  and  270°  locations.  To  keep  these  signals  equal  in  intensity, 
tracking  can  be  accomplished  by  manual  adjustment  of  a  servomechanism 
or  by  automatic  tracking  such  as  that  employed  on  gunlaying  mounts. 
With  this  type  of  tracking,  the  antenna  can  be  centered  on  a  target  with 
an  accuracy  limited  only  by  the  accuracy  of  servomechanisms  on  the 
azimuth  and  elevation  axes. 

A  conical  scan  can  be  achieved  by  several  combinations  of  feed  or 
reflector  rotations,  although  the  majority  of  installations  involve  rota- 
tion of  the  feed  alone.  The  usual  speed  of  rotation  for  conical  scanners 
is  about  1800  rpm,  which  makes  it  impracticable  to  rotate  paraboloids 
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that  are  over  2  ft  in  diameter.  Except  for  some  airborne  scanners, 
therefore,  fixed  paraboloids  and  rotating  feeds  are  characteristic  of  coni- 
cally  scanning  antennas.  The  axis  of  rotation  of  the  feed  coincides  with 
the  axis  of  the  paraboloid.  At  1800  rpm,  dynamic  balance  of  rotating 
parts  is  essential.  To  minimize  the  mass  that  must  be  counterweighted, 
the  offset  of  the  beam  can  be  obtained  by  a  slight  electrical  unbalance  of 
the  dipole  feed.  Figure  2-33  illustrates  such  a  rotating  10-cm  dipole  feed 
with  an  electrical  offset  used  in  the  SCR-584  gunlaying  antenna  mount.1 

The  dipole  feed  is  driven  by  a  hollow-shaft  direct-drive  motor  which 
eliminates  all  gearing  and  the  accompanying  problems  of  lubrication. 
In  this  unit  the  drive  motor  rotates  at  approximately  30  cps  and  is  a 
three-phase  00-cycle  1 1 5-volt  motor  rated  at  ^  lip.  M ounted  on  the  same 
hollow  shaft  is  a  reference  generator  that  supplies  two  sine  waves  90° 
out  of  phase  that  are  the  reference  voltages  for  the  elevation  and  azimuth 
servos.  The  stator  of  this  generator  must  be  readily  adjustable  for  track- 
ing alignment.  This  is  easily  accomplished  by  attaching  a  spur  ring  gear 
to  the  stator  with  an  adjusting  pinion  mounted  on  a  shaft  that  extends 
through  the  rear  end  bell.  After  being  positioned,  the  adjusting  shaft  is 
held  in  place  by  a  locknut. 

The  r-f  requirements  for  this  feed  consist  mainly  of  a  high-speed 
rotating  joint  and  proper  seals  for  pressurization.  The  r-f  transmission 
line  is  operated  under  a  positive  pressure  of  about  5  lb/in2.  To  maintain 
pressure  in  the  r-f  line  at  the  high-speed  joint  in  the  spinner  motor,  a 
special  seal  is  provided.  The  seal  consists  of  two  super-finished  steel  rings 
spaced  by  a  flat  ring  of  carbon.  One  steel  ring  is  fixed;  the  other  is 
connected  to  a  bellows  which  has  an  inner  floating  spring  that  takes 
up  wear  on  the  rubbing  surfaces.  The  carbon-to-steel  contacts  require 
no  lubrication. 

Covering  the  dipole  feed  is  a  polystyrene  cap  furnishing  necessary 
weather  protection  and  allowing  for  proper  pressurization  of  the  line. 
Located  at  the  end  of  the  polystyrene  cap  is  a  bleeder  cap  to  allow  con- 
tinuous flow  of  clean,  dry  air.  To  prevent  r-f  energy  from  reaching  the 
front  motor  bearing,  an  r-f  choke  is  located  in  the  rear  of  the  front  end 
bell  plate. 

Because  the  mechanism  rotates  on  the  axis  of  the  parabola  at  all 
times,  necessary  dynamic  balancing  is  readily  achieved.  Dynamic 
unbalance  of  the  rotating  parts  is  held  to  within  i  in.-oz.  A  special 
built-in  motor  concentric  with  the  axis  of  rotation  of  the  feed  simplifies 
the  drive  mechanism  but  is  not  absolutely  essential.  Rotating  feeds 
have  been  built  with  the  motor  mounted  off-axis  behind  the  reflector, 
driving  the  waveguide  or  rigid  coaxial  feed  through  a  set  of  spur  or 
helical  gears. 

1  Sec.  9-12,  Radar  System  Engineering,  Vol.  1  of  th"»  series. 
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Mechanically  offset  feeds  may  take  several  forms.  As  the  name 
implies,  the  radiating  element  is  physically  displaced  from  the  axis  of 
rotation.  One  arrangement  (Fig.  3-8)  utilizes  a  rotating  bent  waveguide 
of  circular  cross  section.  The  emergent  radiation  is  directed  against  a 
circular  plate  that  is  held  stationary  and  normal  to  the  axis  of  rotation 
and  is  reflected  by  this  circular  plate  back  into  the  main  parabolic  reflec- 
tor. The  coaxial  lines  may  be  bent  to  offset  the  dipole  element,  or  the 
extension  of  the  feed  may  coincide  with  the  axis  of  rotation,  and  the 
dipole  be  offset  by  means  of  a  short  stub.  Almost  any  type  of  simply 
terminated  feed  can  be  used  for  a  mechanically  offset  arrangement. 
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FIG.  2-33.— A  rotating  feed  for  the  SCR-584. 


2-18.  Nutating  Feeds. — If  a  dipole  is  used  as  the  termination  of  the 
rotating  feed,  the  simple  rotating  scan  mechanism  causes  rotation  of 
the  plane  of  polarization  of  the  emerging  radiation,  making  this  system 
unsuitable  for  some  radar  applications. 

Nutating  scanning  feeds  have  the  advantage  of  producing  a  constant 
(e.g.,  vertical)  polarization;  this  allows  better  interrogation  of  radar 
beacons  and  affords  a  measure  of  protection  against  jamming  by  "win- 
dow" or  "chaff."1  However,  the  mechanical  complication  of  a  nutating 
scan  is  considerable.  Figure  2-34  presents  as  an  example  a  nutating 
scan  mechanism  adapted  for  operation  in  the  3-cm  band  with  a  gunlaying 
radar  set  utilizing  the  SCR-584  pedestal. 

1  A  generic  term  for  material,  such  as  metallized  strips  of  paper,  strewn  from  an 
airplane  to  produce  spurious  signals  on  indicator  scopes. 
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Fro.   2-34. — Nutating  scan  feed  for  the  SCR-584.     (Courtesy  of  Palmer  Bee  Company.') 
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FIG.  2-35. — Schematic  diagram  "f  the  nutating  feed  of  Fig.  2-34. 
/15       ,.  /12 

A\ 

16 


FIG.  2-36.— Cam  mechanism  of  the  nutating  feed  of  Fig.  2-34.  In  Figs.  2-34,  to  2-36: 
1.  Antenna  waveguide.  2.  Cutler  feed.  3.  Girnbal  ring.  4.  Antenna  support.  5. 
liotatinR  cros?head  shaft,  ft.  Three-phase  hollow-shaft  motor,  \  hp.  7.  Bell  crank. 
S.  Pusher  rod.  9.  ('omitd-weight.  10.  Balancing  spring.  11.  Cam.  12.  Cam  fol- 
lower. 13.  Driving  fork.  11.  Solenoid  operated  clutch.  15.  Timing  switch.  l(i. 
Reference  generator.  17.  Synchio  generator. 
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The  3-cm  nutating  scan  mechanism  illustrated  is  capable  of  three 
modes  of  scanning.  These  are 

1.  Conical  scan,  used  for  automatic  following  of  the  target.     Nutation 
is  about  the  axis  of  the  parabolic  reflector  giving  0.8°  crossover. 

2.  Spiral  scan,  used  for  finding  targets.     The  mechanism  nutates 
about  the  axis  of  the  parabolic  reflector  and  spirals  from  a  2° 
included  tracking  angle  to  a  12°  included  angle  at  2  cps. 

3.  Palmer  scan,  used  as  another  method  of  finding  the  target.     The 
antenna  feed  continuously  nutates  about  the  axis  of  the  parabolic 
reflector  at  the  outer  12°  included  angle.     The  antenna  mount 
moves  either  in  azimuth  or  in  elevation. 

As  seen  in  the  preceding  figure  and  in  the  schematic  diagram  (Fig. 
2-35)  the  antenna  waveguide  (1),  terminated  by  a  Cutler  feed  (2),  is 
mounted  with  its  r-f  wobble  joint  in  a  gimbal  (3),  fixed  at  the  vertex  of 
the  parabolic  reflector.  The  moving  part  of  the  wobble  joint  is  attached 
to  a  hollow  cylindrical  support  (4),  carrying  a  rotary  crosshead  (5).  A 
J-hp  1800-rpm  hollow-shaft  motor  (6)  drives  a  bell  crank  (7),  linked  to  a 
reciprocating  push-rod  (8).  As  the  bell  crank  oscillates,  it  deflects  the 
support  (4)  together  with  the  feed,  back  and  forth  with  respect  to  the 
axis  of  rotation,  causing  the  feed  to  nutate  with  a  spiral  scan.  A  moving 
counterweight  (9)  is  linked  with  the  bell  crank  to  maintain  the  dynamic 
balance  of  the  system.  The  resultant  centrifugal  force  is  balanced  by 
the  spring  (10).  The  reciprocating  push  rod  (8),  which  thus  controls 
the  angle  between  the  antenna  feed  and  the  axis  of  the  reflector,  is  posi- 
tioned by  a  cam  mechanism  shown  schematically  in  Fig.  2-36.  A  cam 
(11),  geared  through  a  spur  and  worm  gear  reduction  to  the  feed-driving 
motor,  actuates  a  cam  follower  (12),  which  in  turn  moves  the  driving 
fork  (13),  engaging  the  push  rod  (8).  A  solenoid-operated  clutch  (14) 
and  a  double  contact  switch  (15)  permit  disengaging  the  fork  (13)  from 
the  push  rod  (8),  at  the  same  time  locking  it  in  either  of  two  positions: 
(1)  providing  a  conical  scan  with  2°  included  angle  for  tracking  or  (2) 
providing  a  conical  scan  of  12°  included  angle  which,  in  combination  with 
the  motion  of  the  antenna  mount,  provides  the  Palmer  search  scan  of  the 
radar  set. 

A  two-phase  reference  generator  (16),  geared  1/1  with  the  driving 
motor,  provides  reference  voltage  for  automatic  tracking  by  the  antenna. 
A  synchro  generator  driven  through  a  linkage  from  the  cam  follower 
provides  a  reference  voltage  for  indicating  the  angular  position  of  the 
antenna  feed. 

In  order  to  minimize  the  dynamic  forces  and  reduce  the  size  of  the 
counterweight,  the  antenna  feed  (1)  was  made  from  a  precision  casting 
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of  aluminum.     A  satisfactory  light   (0.020-gauge)   fabricated  stainless 
steel  waveguide  with  an  aluminum  Cutler  feed  has  also  been  used. 

Other  methods  of  obtaining  conical  scan  by  mechanical  means  as 
employed  in  some  airborne  scanners  are  outlined  in  Sec.  6-9. 

2-19.  Oscillating  Feeds. — The  generation  of  an  oscillating  scan  by 
reciprocating  the  feed  gives  rise  to  two  problems.  The  first  is  the 
electrical  problem  of  obtaining  adequate  scanning  amplitude  without 
excessive  distortion  of  the  beam.  The  second  is  the  mechanical  problem 
of  reciprocating  the  feed  at  a  rapid  rate. 

It  has  been  found  experimentally  that  a  point  feed  such  as  a  horn 
feed  or  a  dipole  feed  in  a  paraboloidal  reflector  can  be  displaced  approxi- 
mately four  beamwidths  from  the  axis  before  the  pattern  distortion 
becomes    objectionable.     Greater 
scanning  amplitudes  than  this  can  be 
obtained  by  modifying  the  shape  of  the 
reflector  to  reduce  the  aberrations  and 
distortions  caused  by  the  displacement 
of  the  feed  from  the  focus.     This  ap-      Rotatfon  ^\    \ 
pr oach  has  been  i  n vesti  gated  by  means      pjxcd  axis       ^  L 
of  the  theory  of  geometrical  optics, 
arid  an  antenna  has  been  built  by  Bell 
Telephone  Laboratories  with  a  0.7° 
beam  width  that  can  be  shifted  ±25° 
without    undue    distortion.1     Diffi- 
culties in  fabrication  resulting  from 
requirement  of  the  more  complicated 
reflector   surfaces   have   prevented 
widespread  development  along  these        IG' 
lines. 

The  mechanical  problem  involved  in  designing  reciprocating  feeds 
has  three  aspects.  The  first  is  the  problem  of  generating  the  motion, 
and  the  second  is  the  problem  of  dynamic  balancing.  The  third  is  both 
an  electrical  and  a  mechanical  problem  and  concerns  the  transmission  of 
r-f  energy  to  the  feed. 

Although  simple  harmonic  motion  is  not  the  best  motion  for  produc- 
ing desired  electrical  effects,  it  is  the  easiest  to  generate  mechanically. 
Consequently,  it  is  almost  always  the  motion  used  in  mechanically  oscil- 
lated feeds.  The  four-bar  linkage  (including  the  crank  and  connecting 
rod)  and  the  trammel  linkage  are  perhaps  the  most  common  methods  of 
generating  this  motion  either  accurately  or  approximately.  The  trammel 

1  "Use  of  Geometrical  Optical  Theory  in  Design  of  Mirror  Shapes  for  Scanning 
Aerials,"  CSIR4662  Australian,  Feb.  28,  1945;  C.  B.  Feldman,  " Rapid  Scanning 
Radars,"  Bell  Telephone  Laboratories  MM-42-160-151,  Deo.  4,  1942. 
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linkage  gives  linear  simple  harmonic  motion  and  is  easy  to  balance 
dynamically.  It  is  therefore  a  useful  mechanism  to  employ  to  reciprocate 
a  point  feed  on  a  straight  line.  Figure  2-37  schematically  illustrates  this 
linkage,  which  has  been  employed  on  an  experimental  system1  of  the  Bell 
Telephone  Laboratories.  The  method  of  mechanical  resonance  described 
in  Sec.  6-12  may  be  cited  in  this  connection. 


>r   ft  \         s  ll(  n  t',  i;  i  ?    * 
L  14  ^      Mid/fvrf/M 


FIG.  2-38. — Oscillating  feed  assembly. 

The  dynamic  balancing  of  crank  and  connecting  rods  has  been 
extensively  treated,2  and  the  balancing  of  four-bar  linkages  may  be 
treated  in  the  same  way.  It  need  only  be  noted  that  in  a  four-bar 
linkage  the  oscillating  link  should  be  so  proportioned  that  the  system 
behaves  as  though  all  the  mass  of  that  link  is  concentrated  at  its  junction 
with  the  end  of  the  connecting  rod.  In  practice  this  means  that  the  con- 
necting rod  should  be  attached  at  the  center  of  percussion  of  the  oscil- 

1  Bell  Telephone  Laboratories  MM-42- 160-1 06,  Sept.  4,  1942. 

*I)pn  Hai-tog,  Mechanical  Vibrations,  McGraw-Hill,  New  York,  1940, 
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lating  link.  The  oscillating  feed  in  Fig.  2-38  consists  of  a  3-  or  4-ft 
section  of  waveguide  terminated  in  a  double  dipole  feed  that  is  balanced 
as  described  and  is  reciprocated  with  a  crank  and  connecting  rod. 

The  problem  of  transmitting  the  r-f  energy  to  the  feed  is  solved  fairly 
easily  when  the  feed  is  at  the  end  of  a  long  section  of  oscillating  waveguide 
and  when  the  angle  of  oscillation  is  small  (±5°  to  ±10°).  This  requires 
an  r-f  wobble  joint.  If  the  angle  of  oscillation  is  larger,  then  either  a 
rotary  joint  or  a  multiple  wobble  joint  can  be  used.  If  the  path  of  the 
feed  must  be  linear,  the  design  becomes  more  complicated  and  it  is  prob- 
able that  more  than  one  rotary  r-f  joint  would  be  required. 


CHAPTER  3 
GROUND  ANTENNA  MOUNTS 

BY  D.  D.  JACOBUS 

The  shipborne  or  airborne  antenna  mount  is  a  fixed  installation  on 
the  ship  or  aircraft.  The  ground  antenna  mount,  however,  is  ordinarily 
not  permanently  installed.  If  the  mount  is  small,  it  can  be  truck- 
mounted  to  provide  mobility.  If  it  is  large,  means  for  its  rapid  assembly 
and  disassembly  are  generally  provided.  Ground  equipment  must  be 
built  to  withstand  the  rough  handling  and  the  exposure  encountered  in 
field  service.  These  mounts  may  be  broadly  classified  according  to  the 
function  of  the  radar,  as  simple  search  and  early-warning  or  height- 
finding  ;  some  are  versatile  and  perform  both  of  these  functions. 

SIMPLE  SEARCH  MOUNTS 

The  simple  search  ground  antenna  mount  consists  of  an  antenna  and  a 
supporting  pedestal  that  provides  azimuth  rotation.  A  manually  rotated 
turntable  carrying  a  simple  sighting  device  constitutes  a  primitive 
search  set.  With  such  a  device,  the  direction  of  an  observed  echo  can 
be  noted  by  viewing  the  azimuth  orientation  of  the  mount.  The  limita- 
tions of  visually  determining  the  position  of  a  mount  at  the  precise 
moment  of  a  signal  return  are  too  obvious  to  require  elaboration.  The 
ground  antenna  mount  must  therefore  include  a  mechanism,  either 
mechanical  or  electrical,  for  suitably  displaying  the  azimuth  position  of 
each  radar  signal. 

3-1.  Scanning  Requirements. — Some  search  equipments  employ 
antenna  systems  that  radiate  "pencil"  beams.  A  pencil  beam  can  view 
all  portions  of  the  sky  if  the  beam  is  gradually  elevated  (or  lowered)  while 
rotation  is  in  progress.  For  full  coverage,  the  ascending  or  descending 
spirals  should  not  be  spaced  farther  apart  than  the  width  of  the  beam  of 
radiated  energy.  This  process  is  tedious  and,  where  attempted,  has  been 
found  to  be  inadequate  because  of  the  time  required  for  successive  scan- 
ning cycles.  In  practice,  the  pencil  beam  is  usually  limited  to  search  at 
the  level  of  the  horizon.  On  the  other  hand,  a  radiation  pattern  narrow 
in  azimuth  but  of  wide  vertical  extent  permits  search  of  a  broad  section 
of  the  sky  by  simple  rotation.  The  search  and  early-warning  antennas 
that  will  be  discussed  are  all  of  this  type. 

The  accuracies  required  of  the  data-transmitting  system  can  be 
appreciated  by  consideration  of  a  specific  example,  such  as  a  reflector 
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with  a  25-ft  horizontal  by  10-ft  vertical  projected  aperture  that  operates 
on  10-cm  radiation  to  produce  a  beam  of  reflected  energy  0.8°  wide. 
On  a  PPI(plan  position  indicator)  display  tube,  the  returned  signal  will 
have  a  length  corresponding  to  approximately  0.8°  of  arc.  The  center  of 
the  visual  signal  that  is  displayed  can  be  estimated  with  an  accuracy  of, 
at  best,  1  part  in  10,  which  represents  5  min  of  arc.  Hence,  our  azimuth 
information,  if  these  data  are  to  be  as  good  as  the  best  that  the  eye  can 
read,  must  be  accurate  to  5  min  of  arc.  This  accuracy,  on  a  target 
viewed  at  100  miles,  represents  an  error  in  azimuth  orientation  of  250  yd. 
A  mapping  accuracy  of  this  order  at  such  extended  range  is,  indeed, 
adequate  for  purposes  of  search  and  early  warning  and,  in  fact,  represents 
the  highest  precision  demanded  of  current  search  systems. 

The  PP1  display  tube  is  now  almost  universally  used  on  ground  sys- 
tems to  record  the  azimuth  location  of  the  antenna.  The  deflection  coil 
in  the  PPI  display  tube  is  rotated  in  synchronism  with  the  antenna,  and 
the  signals  recorded  on  the  face  of  the  tube1  form  a  map  of  the  surrounding 
area.  The  motion  of  the  deflection  coil  is  secured  by  means  of  syn- 
chronous electrical  circuits  between  the  rotating  antenna  and  the  rotating 
deflection  coil.  The  most  commonly  used  data-transmission  system 
employs  a  synchro  generator  on  the  mount,  mechanically  linked  to  the 
rotating  antenna.  The  generator  is  coupled  electrically  to  a  remotely 
located  synchro  control  transformer,  which  in  turn  is  geared  to  the  servo- 
motor that  drives  the  deflection  coil  on  the  indicator  display  tube.  A 
servoamplifier  is  used  to  control  the  rotation  of  the  motor  that  drives  the 
deflection  coil.  The  error  voltages  in  the  circuit  linking  the  synchro 
generator  and  the  synchro  control  transformer  are  maintained  at  mini- 
mum values.  The  synchro  generator  on  the  antenna  mount,  in  addition 
to  keeping  one  or  more  PPI  display  tubes  in  phase,  may  at  the  same  time 
be  employed  to  energize  a  scrvomechanism  for  the  control  of  the  motor 
that  drives  the  antenna  mount. 

Scanning  may  be  accomplished  by  continuous  rotation  through  360° 
of  horizon  or  by  sweeping  back  and  forth  over  a  finite  sector  to  secure 
more  adequate  coverage  of  a  limited  area.  The  motor  drive  and  the  gear 
trains  of  sector-scanning  equipment  must  have  power  and  torque  charac- 
teristics adequate  for  reversing  the  motion  of  the  antenna  in  the  desired 
cyclic  interval  of  time. 

If  a  beam  of  radiation  is  swept  rapidly  past  a  target,  the  signal  may 
be  weaker  than  that  which  would  be  secured  if  the  same  target  were 
viewed  for  a  longer  period  of  time.  This  diminution  of  signal  strength  is 
termed  a  "scanning  loss."  The  maximum  rapidity  with  which  a  beam 
can  be  swept  past  a  target  without  incurring  too  high  scanning  losses  is 
described  in  Sec.  3-4.  In  normal  search  equipment,  the  scanning  losses 
are  relatively  low. 
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3 -2.  Component  Parts. — An  antenna  mount  cannot  be  designed  until 
the  position  of  the  r-f  components  is  determined.  The  following  elec- 
tronic or  r-f  components  are  sometimes  located  directly  on  the  rotating 
portion  of  the  antenna  mount,  or  they  may  be  located  in  an  adjacent 
locality  with  provision  for  transmission  of  r-f  energy  to  the  antenna  feed. 
The  mechanism  used  to  generate  the  pulse  power  is  called  the  modulator. 
This  pulse  power,  at  a  typical  potential  of  6000  volts,  is  conducted  to  a 
pulse  transformer,  where  the  potential  may  be  raised  to  a  typical  value 
of  20,000  volts.  The  20,000-volt  pulse  power  then  excites  a  magnetron 
that  generates  r-f  radiation.  Either  a  waveguide  conductor  or  a  coaxial 
conductor  serves  to  carry  this  r-f  radiation  to  an  antenna  feed,  generally 
located  at  the  focal  point  of  the  reflector.  The  return  signal  passes 
through  the  waveguide  or  coaxial  conductor  in  the  reverse  direction  of  the 
generated  signal  and  is  deflected  by  the  duplexer  into  the  mixer,  which  is  a 
part  of  the  receiver.  When  it  reaches  the  mixer,  this  r-f  current,  which 
may  have  a  frequency  of  3000-Mc/sec,  is  converted  to  a  current  having 
an  intermediate  frequency  of  perhaps  30-Mc/sec.  In  the  same  receiver, 
a  second  conversion  reduces  the  currents  to  video  currents  of  frequency 
spread  0  to  2-Mc/scc,  which  directly  represent  the  echo  intensity. 

Blowers  are  needed  to  cool  the  magnetron,  the  pulse  transformer,  and 
the  receiver.  Of  these  three  units,  the  magnetron  requires  the  greatest 
amount  of  cooling. 

From  the  standpoint  of  the  antenna  mount,  our  interest  in  these 
components  is  centered  on  the  various  frequencies  of  the  currents  that 
represent  the  returned  signals.  Currents  of  frequencies  as  high  as 
3  Me/sec  can  be  transmitted  along  a  shielded  wire  and  through  standard 
slip  rings  without  distortion.  At  the  intermediate  frequency  of  30 
Me/sec,  a  coaxial  cable  is  required.  Therefore,  if  the  receiver  is  placed 
on  the  rotating  portion  of  an  antenna  mount,  shielded  wires  and  ordinary 
slip  rings  can  be  used  to  transmit  the  video  signals  to  the  display  tube. 
A  similar  location  for  the  r-f  transmitter  will  also  eliminate  the  necessity 
of  an  incoming  r-f  power  transmission  line. 

An  antenna  mount  can  be  classified  as  being  in  one  of  the  following 
three  categories,  according  to  the  position  of  the  r-f  components. 

1.  Modulator,  transmitter,  and  receiver  components  are  all  on  the 
rotating  portion  of  the  pedestal.     With  this  arrangement,  only 
conventional  wiring  is  required  through  the  torque  tube  of  the 
azimuth  axis.     Neither  a  pulse  rotating  joint  nor  an  r-f  rotating 
joint  is  required. 

2.  The  modulator  is  remotely  located,  and  the  transmitting  and  receiv- 
ing r-f  equipment  are  on  the  rotating  portion  of  the  pedestal.     With 
this  arrangement,  no  r-f  waveguide  is  required  through  the  torque 
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tube,  but  a  high-voltage  pulse  rotary  joint  is  required.  The 
pulse  rotary  joint  is  a  relatively  simple  device,  requiring  good  con- 
tact between  a  set  of  brushes  and  a  slip  ring,  with  adequate  insula- 
tion against  potentials  of  about  6000  volts.  The  slip  ring  of  the 
pulse  joint  is  generally  made  of  stainless  steel.  Tests  have 
indicated  that  pulsed,  high-voltage  currents  tend  to  pit  silver  or 
copper  more  readily  than  stainless  steel.  Brushes  have  been 
fabricated  by  the  powder  metallurgy  technique  of  a  90  per  cent 
silver,  10  per  cent  graphite  mixture.  A  large  number  of  small 
brushes  are  more  effective  than  a  single  brush  of  equal  total  area. 
3.  No  r-f  generating  and  receiving  equipment  is  located  on  the  rotat- 
ing portion  of  the  pedestal.  This  arrangement  requires  an  r-f 
transmission  line  through  the  center  of  the  torque  tube;  the  r-f 
rotary  joint  is  generally  located  at  the  base  of  the  torque  tube. 
Figures  3-1  and  6-8  are  characteristic  drawings  of  two  distinct  types 
of  r-f  rotary  joints.  Figure  3-1  illustrates  the  " doorknob"  coaxial 
type,  and  Fig.  6-8  shows  the  AVmode  type. 

Of  the  three  arrangements  discussed,  the  first  or  the  second  arrange- 
ment is  used  when  a  multiplicity  of  r-f  systems  is  installed  on  an  individual 
mount.  On  ground  equipment  it  has  become  customary  to  carry  the  r-f 
transmitting  and  receiving  components  on  the  rotating  portion  of  the 
mount  in  order  to  reduce  the  losses  in  the  r-f  transmission  line.  The 
remote  location  of  the  r-f  components  is  usual  on  the  shipborne  antenna 
mounts,  where  access  to  the  antenna  is  difficult. 

Figure  3-2  illustrates  the  elements  of  a  simple  search  antenna  mount. 
The  figure  is  diagrammatic;  gear  trains  are  represented  as  a  single  set  of 
spur  gears,  and  all  retaining  shoulders,  locking  devices,  and  structural 
details  have  been  omitted  from  the  diagram.  The  system  used  as  an 
illustration  is  one  where  the  r-f  transmitting  and  receiving  equipment  is 
on  the  mount  and  where  the  azimuth  axis  is  of  the  torque  tube  type. 
It  is  obvious  that  mounts  may  take  a  great  multiplicity  of  forms,  but  this 
illustration  will  be  an  aid  in  clarifying  the  following  discussion.  As  used 
in  this  discussion,  A,  B,  C,  etc.,  refer  to  similar  notations  on  Fig.  3-2. 
The  components  are  discussed  in  the  order  in  which  they  might  advan- 
tageously be  considered  in  designing  an  antenna  mount. 

A.  R-f  Package. — The  rectangle  shown  in  Fig.  3-2  represents  the  r-f 
package,  or  r-f  head,  a  waterproof  enclosure  containing  the  r-f  trans- 
mitting and  part  of  the  receiving  equipment.  A  junction  box  is  usually 
installed  between  the  r-f  package  and  the  mount  so  that  the  r-f  package 
may  be  removed  and  another  substituted  by  the  simple  procedure  of 
disconnecting  and  reconnecting  the  wires  to  the  electrical  equipment. 
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Waveguide  to  antenna 


Waveguide  from 
transmitter 


FIG.  3-1. — R-f  rotary  joint  ("doorknob"  type). 

Figure  3-2  does  not  show  this  junction  box,  which  for  purposes  of  discus- 
sion can  be  considered  a  separable  part  of  the  r-f  package. 

B.  Rotary  Joint. — A  rotary  joint  suitable  for  transmission  of  pulsed 
power  at  a  potential  of  approximately  6000  volts  is  shown  in  outline  in 
Fig.  3-2.  If  the  r-f  package  did  not  rotate  with  the  antenna,  an  r-f 
rotary  joint  of  the  type  shown  in  either  Figs,  3-1  or  6-8  would  be  used  in 
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conjunction  with  an  r-f  transmission  line.  In  either  event,  the  azimuth 
torque  tube  C  must  have  an  internal  bore  of  diameter  sufficient  to  accom- 
modate the  type  of  rotary  joint  that  is  used.  It  is  common  practice  to 
fasten  one  portion  of  the  rotary  joint  rigidly  to  the  bull  gear  at  the  base  of 


FIG.  3-2.—  Schematic  diagram  of  an  antenna  mount.  A,  R-f  package;  B,  rotary  joint; 
C,  torque  tube;  D,  azimuth  housing;  E,  motor  drive;  F,  synchro  drive;  G,  gear  case;  H, 
footing;  /,  slip-ring  assembly;  J,  brush  terminal  block;  K,  access  door;  L,  stuffing  gland; 
M,  reflector  and  supports;  N,  antenna  feed;  O,  oil  seal. 

the  torque  tube  and  to  clamp  the  concentric  rotating  member  on  a  device 
that  is  made  fast  to  the  gear  case.  This  leaves  the  electrical  conductor 
or  the  r-f  transmission  line  free  of  strain.  It  is  also  worth  noting  that  the 
electrical  connector  at  the  end  of  the  high-voltage  pulse  line  is  of  a  special 
type  requiring  careful  assembly.  The  entire  passage  between  the  pulse 
power  terminal  on  the  r-f  package  A  and  the  access  space  at  the  base  of 
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the  torque  tube  C  should  therefore  be  made  large  enough  in  diameter  to 
permit  the  free  passage  of  the  connector  that  terminates  the  pulse  power 
cable. 

C.  Azimuth  Torque  Tube. — Figure  3-2  illustrates  the  use  of  a  torque 
tube  that  is  mounted  between  two  sets  of  ball  or  roller  bearings.     This 
very  common  type  of  construction  has  the  virtue  of  compactness.     It  also 
permits  the  construction  of  an  enclosed  gear  box  and  provides  space  for 
inclusion  of  a  slip-ring  assembly  7  between  the  bearing  supports.     A  roller- 
track  bearing  race  may  be  employed  as  an  alternate  method  of  providing 
azimuth  rotation.     With  the  roller  track,  vertical  stability  is  secured  by 
using  a  bearing  race  of  large  diameter.     This  alternate  method  of  con- 
struction requires  the  same  essential  elements  as  those  illustrated  in 
Fio.  3-2,  but  the  physical  appearance  of  the  antenna  mount  is  consider- 
ably altered.     Examples  of  mounts  on  roller-track  bearing  races  are  the 
AN/TPS-10  mount,   which  employs  a  30-in.  roller-track  bearing  race 
weighing  65  Ib  (Sec.  3-6),  and  the  mount  of  the  V-beam  radar,  which 
employs  a  circular  track  with  rotating  two-wheel  trucks  weighing  2500 
Ib  (Sec.  3-5). 

D.  Azimuth    Housing. — The    azimuth    housing    must    support    the 
azimuth  bearings,  the  drive  motor  E,  the  synchro  generator  F,  the  gear 
case  G,   and   the  footings   //.     The  slip-ring  assembly   J   is   generally 
mounted  on  the  torque  tube  in  a  manner  that  will  permit  its  being 
retracted  for  repairs.     To  make  this  possible,  the  inside  diameter  of  the 
lower  bearing  supports  is  larger  than  the  outside  diameter  of  the  slip- 
ring  assembly.     The  motor  and  the  synchro  supports  must  be  very 
accurately  bored  to  maintain  the  proper  gear  centers.     The  housing  must 
also  support  a  terminal  block  J  to  hold  the  brushes  that  will  contact  the 
slip  rings.     The  terminal  tube  L  contains  a  stuffing  gland  that  acts  as  a 
water  seal  around  the  entering  electrical  cable.     The  access  panel  K  is 
large  enough  to  permit  the  installation  of  electrical  wiring  and  the 
periodic  cleaning  of  the  slip  rings. 

E.  Motor  Drive. — The  gearing  between  the  motor  and  the  torque 
tube  should  be  suitable  for  continuous  24-hr  operation  over  long  periods 
of  time.     The  selection  of  a  suitable  motor  requires  no  special  treatment 
except  in  those  cases  where  sector  scanning  or  tracking  is  involved.     Sec- 
tor scanning  necessitates  rotating  the  mount  backward  and  forward 
over  a  small  portion  of  the  horizon  to  secure  more  adequate  coverage 
over  a  limited  area.     If  tracking  is  desired,  push-button  control  of  the 
motor  is  highly  unsatisfactory.     Adequate  tracking  of  a  target  requires 
a  servomechanism  that,  controlled  either  manually  or  by  the  radar  signal 
itself,  can  accurately  control  the  rotation  of  the  motor.     Servomotors 
are  ordinarily  controlled  in  a  manner  that  will  permit  the  motor  to 
develop  2.5  to  5  times  the  full-load  rated  torque  when  acceleration  of  the 
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mount  is  required.  In  selecting  a  motor,  the  maximum  number  of  rever- 
sals that  are  required  in  a  given  period  of  time  must  be  known  in  order 
that  the  rated  horsepower  loading  will  not  be  exceeded. 

F.  Synchro  Drive. — A  single  synchro  F,  geared  directly  to  the  motor 
shaft,  is  shown  in  Fig.  3-2.  The  servomechanism  that  controls  the  motor 
drive  is  affected  by  the  relative  displacement  of  the  drive  motor  E  and 
the  synchro  F.  Any  play  in  the  gear  train  between  the  drive  motor  and 
the  synchro  generator  may  be  accentuated  by  the  control  system  to 
produce  "jitter.''  It  is  therefore  essential  that  the  gears  be  accurate  and 
that  the  backlash  between  the  servo-controlled  motor  and  the  associated 
synchro  be  reduced  to  a  minimum.  The  following  table  records  the 
tolerances  that  are  considered  acceptable  for  synchro  gearing. 

TABLE  3-1. — SYNTHKO  GEAR  Spuri 


Item 

Tolerances,  in. 

Remarks 

Outside  diameter  

+0.000,  -0.001 

Concentricity  of  OD  with 
bore  

0.001 

Total  indicator  reading 

Bore  diameter                  .  .  . 

+0.0000,  -0.0002 

Hold  to  small  side  of  toler- 

Taper of  bore                   .  . 

0.0001  in  1  000  of  length-  not 

ance 
Must  not  be  bell-mouthed 

Finish  of  bore 

to  exceed  0.0002  regardless 
of  length 
F4 

Must  be  smooth 

Concavity  of  face  of  gear 
blank. 
Convexity  of  face  of  gear 
blank     

0.0002  per  1.000;  not  to  ex- 
ceed 0.0015  total 

0.0000 

Mounting  surface 
None  allowed 

Finishes    of   face    of    gear 
blank 

F4 

Must  be  smooth 

Lateral  runout 

0  00025  at  1.000  radius-  not 

Total  indicator  reading 

Pitch  diameter  runout  .... 

to    exceed   0.001    at    3£-m. 
radius 
0.001 

Total  indicator  reading 

The  unit  static  accuracy  of  a  size  1G  synchro  generator  is  1.5°  maxi- 
mum and  0.5°  average,  and  that  of  a  5G  and  of  larger  sizes  is  0.6°  maxi- 
mum and  0.2°  average.  The  unit  static  accuracy  of  a  size  1CT  control 
transformer  is  0.6°  maximum  and  0.2°  average,  and  that  of  a  size  5CT 
control  transformer  is  0.3°  maximum  and  0.1°  average.  These  errors 
are  inherent  in  the  synchro  units  as  such.  It  is  therefore  obvious  that 
any  data  transmission  by  a  single  synchro  generator  traveling  at  the  speed 
of  the  antenna  is  inadequate  where  high  accuracy  is  required.  Hence,  a 
synchro  generator  is  driven  at  some  multiple  of  the  speed  of  rotation  of 
the  antenna,  often  at  36-speed.  The  1 -speed  synchro  is  retained  to 
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record  the  absolute  position  of  the  antenna,  and  the  36-speed  synchro 
controls  the  precise  setting  of  the  remote  servomechanism  (cf.  Sec.  1-8). 

G.  Gear  Case. — The  gear  case  should  be  designed  so  that  no  joints  or 
oil  seals  are  below  the  oil  level.  The  area  below  the  central  section  of 
the  torque  tube  must  be  left  open  to  permit  insertion  of  the  rotary  joint 
B.  Suitable  clamping  devices  for  rotating  the  joint  B  must  also  be 
provided. 

H.  Footings. — The  footings  shown  in  Fig.  3-2  are  suitable  if  the 
antenna  mount  is  to  be  bolted  onto  a  firm  support.  The  illustrations  in 
the  latter  portions  of  this  chapter  show  the  wide  variety  of  footings  that 
are  used  on  ground  antenna  mounts. 

I.  Slip-ring  Assembly. — The  slip-ring  assembly  may  be  of  the  cylin- 
drical type  illustrated,  or  it  may  be  of  the  concentric  " pancake"  type 
that  is  commonly  used  with  searchlight  equipment.  The  pancake  type 
is  more  readily  applicable  where  azimuth  rotation  is  secured  by  means  of  a 
roller-track  assembly. 

Brushes  are  fabricated  by  the  powder  metallurgy  technique  of  silver- 
graphite  or  copper-graphite  mixtures.  Silver  is  almost  universally 
employed  as  the  surface  material  of  the  ring.  Small  rings  are  often  made 
entirely  of  silver,  but  larger  rings  have  a  silver  band  sweated  onto  a 
brass  liner.  The  rings  are  spaced  on  molded  plastic.  Integrally  molded 
slip-ring  assemblies  can  be  secured.1  The  use  of  individual  annular 
spacers  of  molded  plastic  is  more  common,  however;  the  slip-ring  assem- 
bly is  built  up  of  the  individual  insulators  interspaced  with  the  silver 
rings.  A  stack  built  up  in  this  mariner  is  held  together  with  rods  that 
run  longitudinally  through  the  entire  insulating  pile.  Grooves  are 
provided  through  the  stack  of  plastic  insulators  to  permit  the  insertion  of 
wires.  A  wire  is  generally  soft-soldered  to  a  stud  on  the  inner  diameter 
of  each  ring  before  the  ring  is  assembled  in  the  stack.  After  complete 
assembly  of  the  stack  of  rings  and  insulators,  the  free  ends  of  the  wires 
are  attached  to  suitable  terminal  boards. 

Spare  slip  rings  should  always  be  provided  in  order  to  obviate  the 
necessity  of  taking  apart  the  slip-ring  assembly  in  case  of  failure  in  any 
one  of  the  circuits  and  also  to  anticipate  possible  future  requirements  for 
additional  electrical  units  on  the  rotating  part  of  the  mount.  In  Fig. 
3-2  the  entire  slip-ring  assembly  can  be  removed  from  the  pedestal  in 
the  following  manner:  Remove  the  gear  box  G,  the  bull  gear,  and  the 
lower  bearing;  disconnect  the  electrical  leads  from  the  slip  rings  at  the 
upper  terminal  box;  then  withdraw  the  entire  slip-ring  assembly  from 
the  torque  tube. 

It  is  essential  that  slip  rings  carrying  video  currents  be  adequately 
shielded  to  prevent  distortion  of  the  signal  information.     This  is  usually 
1  Plastic  Manufacturers,  Inc.,  Stamford,  Conn. 
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accomplished  by  providing  a  ground  ring  on  each  side  of  a  ring  that  car- 
ries a  video  current.  All  wires  carrying  video  currents  are  ordinarily 
shielded  throughout  their  entire  length,  and  this  shielding  is  grounded 
to  the  pedestal. 

J.  Brush  Terminal  Block. — The  brush  terminal  block  ,7  holds  the  slip- 
ring  brushes  in  place.  Each  brush  is  accurately  aligned  with  the  center 
of  the  contacting  ring.  The  screws  that  retain  these  brushes  preferably 
should  not  be  the  same  screws  that  hold  the  wiring  in  place.  When  a 
circuit  is  tested,  a  wire  is  often  disconnected  at  the  brush  block,  and  it  is 
desirable  to  do  this  operation  without  disturbing  the  brush  setting. 

K.  Access  Door. — This  door  should  be  large  enough  to  permit  instal- 
ling the  electrical  wiring.  It  should  also  allow  access  for  cleaning  the  slip 
rings  at  periodic  intervals. 

L.  Stuffing  Gland. — All  cables  entering  waterproof  enclosures  pass 
through  watertight  seals  of  the  type  illustrated. 

M .  Antenna  Reflector  and  Supports. — The  antenna  support  M  should 
combine  a  maximum  of  strength  and  rigidity  with  a  minimum  of  weight. 
Rigidity  is  of  particular  importance  if  the  antenna  is  to  be  sector-scanned. 

N.  Antenna  Feed. — The  r-f  feed  must  be  very  rigidly  supported,  since 
any  motion  of  this  element  will  appear  as  an  oscillating  signal  on  the  face 
of  the  display  tube.  If  possible,  the  supports  should  be  located  outside 
the  primary  radiation  pattern.  This  can  usually  be  accomplished  by 
diagonal  braces  that  do  not  cross  between  the  mouth  of  the  feed  and 
central  portion  of  the  reflector. 

The  foregoing  general  considerations  can  be  applied  to  the  design  of 
shipborne  antenna  mounts,  and  the  general  aspects  of  shipborne  mounts 
as  outlined  in  Sees.  5-6  to  5-8  are,  to  a  great  extent,  also  applicable  to  the 
similar  ground  equipment. 

3-3.  Characteristics  of  Specific  Mounts.— The  characteristics  of  two 
widely  different  search  and  early-warning  systems  will  be  described. 
AN/TPS-1  is  a  portable  lightweight  set.  It  weighs  approximately  2500 
Ib  when  packed  for  shipment  and  has  a  rather  limited  traffic-handling 
capacity.  The  other,  a  large  ground-based  radar  is  transportable  by 
truck,  weighs  approximately  1 1 0  tons  when  packed  for  export  shipment, 
and  has  a  very  long  range  and  an  enormous  traffic-handling  capacity. 
The  latter  is  achieved  by  using  separate  PPI  display  tubes  to  cover 
limited  sections  of  the  horizon,  with  an  operator  assigned  to  each  display 
tube.  The  information  received  from  the  separate  operators  is  correlated 
on  a  large  plotting  board. 

AN/TPS-l  Antenna  Mount. — This  search  and  early-warning  set  is 
shown  in  Fig.  3-3.  Operating  at  about  25-cm  wavelength,  this  mount 
produces  a  beam  about  3°  in  width.  The  set  is  described  in  this  section 
because  of  the  unique  nature  of  the  antenna  mount.  The  200-mile  range 
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FIG.    3-3. — AN/TPS-1    antenna    mount    without    sheltei.      ((.'omtc^u    of    Ht-lL    Telephone 

Laboratories.) 
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—General  view  of  GCI  Mution  Usm«:  AN/TPS-1    foi   ,st':u-<-b  an.l  AN/TPS-10  for 
height-finding.      (Courtesy  of  (J.ti.  Army.) 

represents  the  limit  at  which  targets  can  be  viewed  and  is  not  a  calibrated 
figure  of  the  visibility  of  a  specific  plane.  Portability  has  been  a  prime 
consideration  in  the  design  of  all  of  the  components.  The  set  has  been 
advantageously  used  in  combination  with  the  3-cm  AN/TPS-10  portable 
height-finder,  as  is  illustrated  in  Fig.  3-4. 

The  antenna  is  a  paraboloid  grill  of  ^-in.  wire  mesh  15  ft  wide  and  4 
ft  high,  built  in  eight  parts  joined  together  by  screw  couplings  and  cowl 
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fasteners.  The  antenna  can  be  rotated  in  either  direction,  by  hand  or  by 
a  motor  acting  through  a  belt  and  gear  train.  The  motor  is  £  hp  and 
operates  at  1750  rpm  on  27-volts  direct  current;  it  is  shunt-wound,  totally 
enclosed,  externally  fan  cooled,  and  controlled  from  switches  located  at 
the  indicator  panel.  Continuous  rotation  by  motor  is  at  a  constant  speed 
of  about  6  rpm.  When  operated  by  hand,  the  motor  can  be  uncoupled 
by  means  of  a  magnetic  clutch.  The  hand  wheel  is  never  uncoupled  and 
at  all  times  rotates  with  the  motion  of  the  antenna. 

A  400-cycle  synchro  generator  is  geared  to  the  antenna-torque  tube  at 
a  speed  ratio  of  24/1.  The  synchro  generator  actuates  a  synchro  motor 
at  the  deflection  coil  of  a  PPI  display  tube.  A  60-cycle  synchro  generator 
at  a  speed  ratio  of  1  /I  is  also  provided  on  the  mount  for  the  operation  of 
remote  PPI  display  tubes. 

All  of  the  components,  both  mechanical  and  electrical,  are  contained 
in  waterproof  cases  that  fit  together  to  form  a  tower  which  serves  as  a 
support  for  the  antenna.  The  separable  portions  of  the  tower,  reading 
from  the  ground  level  upward,  are  shown  in  Table  3-2. 

TABLK  3-2.     AN/TPH-1   COMPONKNTS 


Tower  section 

Item 

Weight,  Ih 

1 

Modulator 

240 

2 

Indicator 

207 

3 

Receiver,  test  uquipinwit,  manual  drive 

145 

4 

R-f  transmitter 

205 

5 

Antenna  drive  unit 

195 

Antenna 

185 

Total  1177 

Microwave  Ground  Radar  Antenna  Mount. — This  search  and  early- 
warning  set  is  shown  in  Fig.  3-5.  The  radiation  wavelength  is  in  the 
10-cm  band.  The  antenna  is  rotated  continuously  at  I,  2,  or  4  rpm. 
Echoes  from  large  planes  can  be  detected  out  to  horizon  range.  The 
minimum  height  at  which  a  plane  can  be  viewed  is  thus  a  function  of  the 
curvature  of  the  earth — a  plane  at  170  miles  is  not  visible  at  elevations 
lower  than  15,000  ft.  Radiation  from  the  set  is  in  the  form  of  two  fan 
beams,  each  narrow  in  the  horizontal  and  wide  in  the  vertical  sections. 
One  beam  covers  the  horizon  and  distant  targets,  is  3°  high  by  0.9°  wide, 
and  is  centered  approximately  1-J0  above  the  horizon;  the  second  beam 
covers  high  targets  at  close  range,  is  approximately  30°  high  by  0.9° 
wide,  and  is  centered  approximately  15°  above  the  horizon.  The  exact 
setting  of  both  beams  is  conditioned  by  the  character  of  the  surrounding 
terrain  and  is  fixed  at  the  time  of  assembling.  The  set  views  all  targets 
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within  range  once  every  revolution,  with  the  result  that  an  enormous 
amount  of  data  is  available  if  the  set  is  located  in  an  active  area. 

A  single  operator  working  with  a  single  display  tube  would  be  unable 
to  report  all  of  the  significant  signals.  The  set  therefore  employs  five 
separate  PPI  display  tubes,  one  for  3(>0°  coverage  and  each  of  the  remain- 
ing four  covering  a  90°  sector  of  the  horizon.  These  data  are  then  cor- 
related on  a  large  plotting  board  in  a  room  equipped  to  permit  the 
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FIG.  3-5. — A  ground  itidar  antenna  mount. 

centralized  control  of  all  operations  that  are  taking  place  within  view  of 
the  set. 

The  modulator  and  two  r-f  transmitting  and  receiving  components  are 
carried  on  the  rotating  portion  of  the  mount.  Hence,  all  electrical  cur- 
rents can  be  transmitted  through  ordinary  slip  rings.  The  electrical 
equipment  is  built  into  individual  waterproof  boxes  which  are  separately 
suspended  from  a  cantilever  beam  as  shown  in  Fig.  3-6.  The  same 
cantilever  beam  serves  as  a  support  for  the  two  antennas.  The  low-angle 
beam  is  from  a  reflector  25  ft  long  by  8  ft  high,  and  the  high-angle  beam 
from  a  reflector  25  ft  long  by  5  ft  high.  Both  reflectors  are  parabolic 
cylinders  mounted  back  to  back.  The  reflectors  are  described  in  detail 
in  Table  2-7  and  the  supplement  thereto,  Examples  1  and  2.  The  feeds 
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are  linear  arrays  and  are  held  in  place  by  a  series  of  tubular  cantilever 
supports. 

The  entire  superstructure,  which  consists  essentially  of  the  main 
cantilever  supports  and  the  equipment  carried  by  these  supports,  is  made 
fast  to  the  top  of  the  torque  tube  by  means  of  a  single  cup-and-cone  joint. 
Both  sides  of  the  central  hub  terminate  in  15^-in.  diameter  flanges  that 
hold  the  ends  of  the  main  cantilever  supports.  An  annular  ring  at  the 


FIG.  X  it.      Paiiially  assembled  anlonnii  mount. 

base  of  the  hub  seats  against  a  flat  shoulder,  Ihe  IAVO  faces  being  pulled 
together  by  a  disk  that  is  bolted  to  the  top  of  the  torque  1  ube.  The.  u  ires 
from  the  slip  rings  pass  upward  through  the  center  of  the  torque  tube 
to  a  terminal  box  that  is  bolted  directly  to  the  top  of  the  central  hub. 

The  base,  including  the  azimuth  gear  box,  the  motor  drive,  and  the 
channels  that  form  the  supporting  legs,  is  shown  in  Fig.  3-7.  Bevel 
gears  are  used  on  the  last  reduction  that  drives  the  torque  tube.  For 
purposes  of  shipment,  the  gear  box  is  made  separable.  Rotative  power  is 
supplied  by  a  3-hp  1760-rpm  208-volt  three-phase  60-cycle  totally 
enclosed  fan-cooled  motor.  Data  transmission  is  secured  from  a  1 -speed 
5G  synchro  and  a  36-speed  5G  synchro  that  are  geared  to  the  1  orque  tube. 

The  weights  of  the  separable  portions  of  the  antenna  mount  are  shown 
in  Table  3-3. 
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FIG.  3-7. — Base  of  the  antenna  mount,  shown  in  Fig.  3-5. 


TABLE  3-3. — WEIGHTS  OF  ANTENNA  COMPONENTS 

Item  Weight,  Ib 

Footings  (3  total) 600 

Base  and  motor  support 550 

Motor  and  coupling 350 

Lower  gear  box 200 

Upper  gear  box 750 

Torque  tube,  complete  with  .slip-ring  assembly,  synchros,  and 

cone  shield 750 

Central  hub 100 

Main  cantilever  supports  (2  total) 900 

Terminal  box 70 

8-ft  reflector  sections  (11  total) 2,200 

5-ft  reflector  sections  (11  total) 1 ,650 

Waveguide  supports 100 

Waveguide 300 

Two  r-f  boxes  complete  with  electrical  equipment 1 ,800 

One  modulator  complete  with  electrical  equipment 900 

Bolts,  nuts,  cables,  etc 780 

Total  weight  of  the  antenna  mount 12,000 
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HEIGHT-FINDING 

If  an  antenna  reflects  energy  in  the  form  of  a  fan  beam  having  high 
vertical  coverage,  a  signal  from  a  high-flying  plane  can  be  identical  with 
that  received  from  a  low-flying  plane  at  the  same  range  and  azimuth 
position.  When  the  antenna  pattern  is  known,  an  estimate  of  height  can 
be  secured  by  observing  at  what  range  strong  targets  make  their  first 
appearance.  This  method  is  crude  and  at  best  has  very  serious  limita- 
tions. Accurate  height-finding  is  accomplished  by  the  simultaneous 
measurement  of  range  and  elevation  angle.  One  method  involves  direct 
tracking  of  a  target  with  a  conically  scanning  pencil  beam  on  a  two-axis 
mount.  Another  method  employs  the  vertical  oscillation  of  a  beam  of 
narrow  vertical  and  wide  horizontal  dimensions  and  the  simultaneous 
recording  of  the  range  and  elevation  angle  of  an  echo  from  a  specific 
target;  a  beam  of  this  type  is  termed  an  "oscillating  beavertail." 

A  third  method,  known  as  the  "V-beam"  system,  employs  a  vortical 
plane  of  radiation  and  a  plane  of  radiation  slanted  in  space  at  an  angle  of 
45°.  These  two  planes  bear  a  fixed  relation  to  each  other  and  are  rotated 
in  the  azimuth  plane  around  a  common  axis.  Separate  signal  returns 
are  received  from  the  vertical  beam  and  from  the  slant  beam  as  the  mount- 
rotates.  The  angular  displacement  between  the  separate  signals  is 
coordinated  with  the  range  of  the  target  to  secure  an  accurate  measure  of 
height.  The  V-beam  antenna  mount  employs  this  latter  principle  of 
height-finding. 

34.  Electrical  Scanning. — A  very  rapidly  oscillating  beavertail  scan 
is  obtained  by  the  use  of  any  one  of  the  electrical  scanning  feeds  described 
in  Sees.  2-15,  2-10,  and  6-14.  The  rapidity  with  which  the  beam  of  radia- 
tion can  be  oscillated  is  limited  by  the  necessity  of  securing  an  adequate 
r-f  echo  from  the  target.  Microwave  search  sets  have  been  built  with 
pulse  repetition  rates  ranging  from  300  to  1200  cps,  and  high-resolution 
ultramicrowave  systems  for  precision  observation  at  short  ranges  may 
employ  pulse  repetition  rates  as  high  as  5000  cps.  The  time  interval 
between  successive  pulses  cannot  be  smaller  than  that  required  for  the 
transmission  of  the  r-f  energy  from  antenna  to  target  and  its  reflection, 
and  hence  a  system  of  long  range  must  employ  a  proportionately  low  pulse 
repetition  rate.  With  the  pulse  repetition  rate  fixed  by  the  foregoing  con- 
siderations, the  number  of  pulses  of  energy  that  are  reflected  from  a  target 
will  be  inversely  proportional  to  the  rate  of  scan.  The  reflection  of  a 
single  pulse  of  energy  can  make  itself  apparent  as  an  echo,  but  the 
image  recorded  on  the  display  tube  will  be  weak  and  unreliable  unless  a 
larger  number  of  reflections  are  received.  For  example,  the  Robinson 
scanning  mechanism  is  operated  at  a  rate  that  will  result  in  the  reflection 
of  about  10  energy  impulses  when  the  scanning  beam  sweeps  past  a  target. 
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The  elevation  angle  at  which  an  echo  is  received  is  recorded  by  a 
data-transmission  system  that  usually  takes  the  form  of  a  synchro 
generator  geared  to  the  moving  portion  of  the  electrical  scanner.  An 
electrical  computer  combines  this  datum  with  the  simultaneously  meas- 
ured range  to  give  a  direct  reading  of  the  height  of  the  target.  The 
observed  pip  is  made  to  appear  on  a  display  tube  where  the  vertical 
coordinate  represents  range  and  the  horizontal  coordinate  represents 
height. 

Azimuth  rotation  should  be  at  a  rate  that  will  allow  some  overlap 
between  the  patterns  made  by  successive  sweeps  of  the  electrically 
scanning  feed.  A  height-finder  operated  in  this  manner  can  also  servo 
as  a  search  set.  The  azimuth  position  of  a  target  can  be  located  with  an 
accuracy  no  better  than  the  width  of  the  fan  beam  unless  a  separate 
search  system  is  installed  on  the  same  antenna  mount. 

An  important  example  of  an  electrically  scanning  height-finder  is 
afforded  by  the  ground  control  of  approach,  GO  A,  radar  mentioned  in 
Sec.  6-14. 

3-6.  Mechanical  Scanning. — A  beam  wide  in  azimuth  and  narrow  in 
its  vertical  aperture  can  be  oscillated  vertically  by  mechanical  motion  of 
the  entire  antenna.  The  inertia  of  the  oscillating  parts  is  too  great  to 
permit  a  rapidity  of  scan  equal  to  that  which  can  be  secured  with  the 
electrical  scanning  feeds.  As  a.  result,  mechanically  oscillated  beaver- 
tail  scans  must  be  rotated  very  slowly  in  azimuth  if  successive  sweeps  of 
the  fan  beam  are  to  overlap.  Hence,  only  a  limited  search  coverage  is 
provided  or,  at  best,  a  search  coverage  that  is  slow.  Sets  of  this  type  are 
therefore  generally  used  in  conjunction  with  a  search  set  that  is  con- 
tinuously rotated  in  azimuth,  and  targets  in  a  limited  portion  of  the 
horizon  are  viewed  to  determine  their  height.  This  operational  procedure 
is  more  limited  than  that  which  can  be  secured  either  with  the  more  rapid 
electrical  scanners  or  with  those  of  the  V-beam  type. 

As  stated  in  Sec.  2-17  the  height  of  a  single  target  can  be  obtained  by 
tracking  the  target  with  a  eonically  scanning  antenna  with  a  pencil 
beam.  Height-finding  methods  other  than  direct-tracking  are  no  more 
accurate  than  the  display  of  the  visual  signal  on  the  height-indicating 
tube.  Antenna  mounts,  where  extreme  accuracy  is  required,  universally 
employ  tracking  methods.  On  the  other  hand,  the  height-finding  set 
that  is  limited  to  the  tracking  of  a  single  target  is  severely  handicapped  if 
information  on  a  multiplicity  of  targets  is  desired  in  a  short  interval  of  time. 

Each  of  the  antenna  mounts  described  in  the  following  portions  of  this 
section  is  an  example  of  one  of  the  three  types  of  height-finder  that  employ 
mechanical  scanning. 

Two-axis  Tracking  Mount  (*S7MA/). — The  SP-1M  antemna  mount  is 
illustrated  in  Fig.  3-8.  This  mount  operates  in  the  10-cm  band.  It  can 
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be  used  for  continuous  search  at  any  horizon  level,  or  it  can  be  used  to 
determine  height,  range,  and  azimuth  location  of  a  single  target. 

The  feed  consists  of  a  circular  section  of  waveguide  that  is  offset 
and  is  rotated  at  1350  rpm  to  produce  a  conical  scan  (cf.  Sec.  2-17).  The 
r-f  energy  leaving  the  circular  guide  impinges  on  a  splash  plate  and  is  in 


.FiG.  3-8. — SP-1M  antenna  mount.     (Courtesy  of  General  Electric  Company.) 

turn  focused  by  a  paraboloid  reflector  8  ft  in  diameter.  The  relative 
strengths  of  the  signals  received  at  the  0°,  90°,  180°,  and  270°  orientation 
points  of  the  rotating  offset  waveguide  are  displayed  by  markers  on  the 
main  control  panel.  An  operator  watches  these  markers  and  by  manual 
control  of  two  servomechaiiisms  keeps  the  antenna  centered  on  the  target. 
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The  servomechanisms  actuate  the  motor  drives  on  the  azimuth  and  ele- 
vation axis. 

The  reflector  is  made  of  expanded  steel  and  weighs  in  the  neighborhood 
of  150  Ib.  It  is  supported  on  a  series  of  studs.  The  studs  in  turn  are 
threaded  into  an  aluminum  spider  in  a  manner  that  permits  the  accurate 
setting  of  each  stud  ut  the  true  contour  of  the  paraboloid  surface.  Nine 


. 


ii^M 


'm.  3-9.—  -Cut-away  perspective  of  the  V-beiiin  antenna  mount. 


inches  of  the  lower  section  of  the  reflector  are  trimmed  away  to  secure 
the  necessary  mechanical  clearance,  and  the  upper  section  is  similarly  cut 
away  for  mounting  in  a  truck. 

The  active  and  the  dummy  dipolcs  that  are  located  directly  in  front 
of  the  splash  plate  supply  r-f  energy  in  the  band  employed  by  the  identi- 
ncation-of-friend-or-foe,  IFF,  system.  The  main  reflector,  in  addition 
to  its  microwave  functions,  concentrates  the  IFF  energy  that  is  radiated 
by  these  dipoles. 

The  stationary  portion  of  the  pedestal  and  the  azimuth  and  elevation 
axes,  except  for  r-f  waveguide,  are  identical  with  those  of  the  SCR-584 
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mount.1  One-half  horsepower  3400-rpm  motors  are  used  on  the  azimuth 
and  elevation  axes.  Maximum  speeds  of  rotation  are  6  rpm  in  azimuth 
and  3£  rpm  in  elevation.  Size  5  control  transformers  are  used  for  data 
transmission  at  gear  ratios  of  1-  and  36-speed  in  azimuth  and  2-  and 
36-speed  in  elevation.  The  entire  antenna  mount  weighs  about  3000  Ib. 

V-beam  Mount. — A  10-cm  combined  search  and  height-finding  set 
designed  for  maximum  coverage  and  for  accurate  height-finding  on  all 
targets  up  to  30,000  ft  makes  use  of  the  V-beam  principle.  The  antenna 
mount  that  is  shown  in  Figs.  3-9  and  3-10  was  designed  to  permit  rapid 
field  assembly  of  separable  pieces  of  equipment.  Five  complete  r-f 
transmitting  and  receiving  systems  and  a  single  common  modulator  are 
carried  on  the  rotating  portion  of  the  mount.  Three  of  these  systems 
supply  r-f  power  through  separate  waveguides  to  a  feed  illuminating  a 
paraboloidal  reflector,  25  ft  long  by  10  ft  high,  that  is  used  for  search. 
The  output  of  one  r-f  system  is  concentrated  in  the  main  search  beam  to 
secure  coverage  of  long  range  targets,  and  the  energy  from  the  other  two 
r-f  systems  is  dispersed  upward  to  secure  coverage  of  high  targets.  The 
two  remaining  r-f  systems  supply  energy  through  thoir  respective  wave- 
guides to  a  32-  by  10-ft  paraboloid  reflector  that  is  slanted  at  45°  for 
V-beam  height-finding.  All  of  this  equipment  is  supported  on  four 
two-wheel  trucks  which  rotate  on  a  circular  track  20  ft  in  diameter. 

The  V-beam  principle  involves  a  beam  of  radiation  fanned  in  a  vertical 
plane  and  one  slanted  in  space  at  an  angle  of  45°  to  the  vertical.  If 
the  two  beams  intersect  to  form  a  horizontal  line  at  zero  elevation,  a  tar- 
get on  the  horizon  in  the  common  line  of  radiation  will  appear  as  a  single 
pip  on  the  face  of  the  display  tube.  From  an  operational  standpoint,  it 
is  desirable  to  know  if  a  pip  represents  the  single  response  from  the 
vertical  beam  or  if  it  represents  the  superimposed  pips  from  the  two 
separate  beams.  This  is  increasingly  important  in  recording  the  height 
of  low-flying  planes,  where  separate  pips  are  desired  to  give  an  accurate 
measure  of  height.  To  achieve  this  end,  the  slant  antenna  and  the 
vertical  antenna  are  located  on  the  mount  with  a  10°  displacement 
between  the  horizontal  intercepts.  As  viewed  by  the  vertical  beam,  a 
target  on  the  horizon  will  then  appear  as  a  single  pip;  as  viewed  by  the 
slant  beam,  the  same  target  will  appear  as  a  pip  displaced  exactly  10° 
from  the  companion  pip.  A  target  above  the  horizon  will  produce  two 
pips  separated  by  an  angle  larger  than  10°,  where  the  increased  angular 
displacement  and  the  range  are  a  measure  of  the  height  of  the  target. 

The  slant  antenna  is  set  on  the  mount  at  an  angle  of  45°  with  an 
accuracy  of  ±5  min,  and  the  10°  horizontal  intercept  between  the  two 
antennas  is  also  constructed  with  an  accuracy  of  ±5  min.  Figure  3-10 
shows  the  feed  support  before  installation  of  the  feed  and  its  associated 

1  Sec.  9-12,  Radar  System  Engineering,  Vol.  1  of  this  series. 
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waveguide.  This  feed  support  is  provided  with  a  device  that  will  allow 
a  small  adjustment  in  the  azimuth  position  of  the  vertical  feed.  The 
adjustment  is  for  the  purpose  of  final  calibration,  which  is  done  by  mov- 
ing the  feed  location  to  produce  on  the  display  tube  pips  with  an  exact 
10°  spacing  when  a  target  at  zero  height  is  viewed.  If  the  calibrated 
mount  is  to  be  accurate  on  all  targets  during  360°  of  rotation,  the  sup- 
porting track  section  must  be  level.  This  is  accomplished  by  adjustment 
of  the  nine  jack  screws  that  support  the  separable  track  sections. 

For  the  purpose  of  height-finding,  the  signals  from  the  vortical  beam 
and  the  slant  beam  arc  both  recorded  on  a  single  display  tube.  Tke 
horizontal  coordinate  of  the  face  of  this  height  indicator  is  a  measure  of 
range,  and  the  vertical  coordinate  is  a  measure  of  height.  First  the  pip 
from  the  vertical  beam  will  appear.  Then  the  pip  from  the  slant  beam 
will  appear  directly  above  it,  since  the  identical  target  will  be  at  the  same 
range  after  the  mount  has  rotated  10°  or  more,  The  angular  travel  of 
the  antenna  mount  determines  the  vertical  distance  between  the  two 
pips.  If  this  vertical  distance  is  to  be  an  accurate  measure  of  height,  the 
servomechanism  that  governs  the  display  tube  must  very  accurately 
record  the  true  azimuth  location  of  the  antenna  mount.  It  is  not  essen- 
tial that  the  mount  be  rotated  uniformly,  but  it  is  essential  that  the 
azimuth  position  of  the  mount  shall  at  all  times  be  accurately  transmitted 
to  the  servomechanism  of  the  height  indicator.  This  is  accomplished 
with  the  slip-ring  and  synchro-unit  assembly  illustrated  in  Fig.  3-11. 

The  slip-ring  and  synchro-unit  assembly  is  bolted  as  a  complete  unit 
onto  a  stationary  hub.  The  electrical  cables  to  the  equipment  on  the 
mount  pass  through  the  center  of  the  stationary  hub  and  terminate  in 
suitable  electrical  connectors.  Figure  3-11  shows  the  top  portion  of 
the  stationary  hub,  complete  with  connectors,  bolted  to  the  bottom  of  the 
slip-ring  unit  assembly.  The  use  of  electrical  connectors  between  the 
slip-ring  unit  assembly  and  the  stationary  hub  permits  rapid  assembly 
and  disassembly  of  the  equipment.  Similar  connectors  are  provided  on 
the  slip-ring  unit  assembly  at  the  ends  of  the  leads  from  the  brushes. 
The  entire  slip-ring  and  synchro-unit  assembly  can  be  replaced,  therefore, 
without  disassembly  of  the  mount  and  without  disturbing  the  electrical 
wiring.  All  gearing  on  this  unit  is  of  precision  manufacture.  A  1-speed 
6G  synchro  generator  and  a  36-speed  6G  synchro  generator  transmit  data. 
The  lower  portion  of  the  slip-ring  unit  assembly  is  surrounded  by  a  cylin- 
drical can  that  performs  the  combined  functions  of  a  shield  and  a  driving 
mechanism.  This  shield  is  fastened  directly  to  the  rotating  member  of 
the  central  hub. 

The  central  hub  is  illustrated  in  Fig.  3-12.  The  stationary  hub  men- 
tioned in  the  preceding  paragraph  forms  the  core  of  this  unit.  The 
inner  races  of  a  set  of  heavy  bearings  are  mounted  on  the  midsection  of 
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the  stationary  core,  which  is  held  in  central  location  with  nine  radial 
spokes  that  are  made  fast  to  the  track  sections.  The  lower  electrical 
terminals  are  located  directly  above  the  sleeves  that  hold  the  radial 
spokes,  and  the  upper  electrical  terminals  are,  of  necessity,  located  above 
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.  3-11.  —  V'-beain  mount.      Slip-ring  assembly,  cnit-away  view. 


the  central  bearing.  The  outer  bearing  races  are  mounted  in  the  cylin- 
drical piece  that  also  comprises  the  central  section  of  the  rotating  plat- 
form. The  driving  shield  of  the  slip-ring  unit  assembly  is  made  fast  to 
the  rotating  outer  portion  of  the  central  hub.  The  top  of  the  stationary 
hub  is  accurately  machined  to  ensure  that  the  axis  of  the  slip-ring  assem- 
bly and  the  axis  of  the  central  hub  will  be  in  true  alignment. 

The  rotating  portion  of  the  mount,  complete  with  equipment,  weighs 
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approximately  23,000  Ib  and  is  held  in  a  central  location  by  means  of  the 
central  hub.  The  use  of  flanged  supporting  wheels  is  avoided,  as  it  is 
essential  that  the  alignment  between  the  slip-ring  assembly  and  the  axis 
of  rotation  of  the  mount  be  more  accurately  maintained  than  is  possible 


Mounting  flange  for  synchro 
and  slip  ring  assembly 


Mounting  flange  for 
rotating  platform 


Tumble  bolt 
connection 


Cable  connectors 


Hub  of  stationary 
track 


Center  pin 


FIG.  3-12. — Central  hub  of  the  V-beam  mount. 

through  the  use  of  flanged  wheels  on  a  track  of  large  diameter.  The 
entire  weight  of  all  the  rotating  equipment  is  supported  on  four  two-wheel 
trucks.  The  eight  wheels  are  fabricated  of  cast  steel,  each  of  15-in. 
diameter  with  3-in.-wide  beveled  treads.  A  track  2£  in.  wide,  of  SAE 
1040  to  1045  steel,  is  machined  to  a  bevel  matching  that  of  the  wheels 
and  is  flame-hardened.  The  tangent  line  from  the  wheel  surface  to  the 


94  GROUND  ANTENNA  MOUNTS  [SEC.  3-5 

intercept  of  the  axis  of  the  wheel  with  the  axis  of  the  central  hub  defines 
the  angle  at  which  true  rolling  contact  takes  place.  A  further  require- 
ment for  true  rolling  contact  is  that  the  center  line  of  each  wheel  inter- 
sect the  center-line  axis  of  the  central  hub.  Relative  wheel  alignment  is 
secured  by  jig-boring  the  wheel  supports  in  each  truck  so  that  each  set 
of  two  wheels  is  in  accurate  relative  alignment.  The  alignment  of  a  set 
of  two  wheels  on  the  rotating  platform  is  then  secured  by  accurately 
locating  the  position  of  the  truck.  Each  truck  frame  is  carried  on  a 
stainless  steel  pin,  10  in.  long,  2  in.  in  diameter,  which  acts  as  an  equalizer. 
The  pin  is  mounted  in  lubricated  bronze  bushings  that  permit  the  free 
moveme'nt  of  the  truck  around  the  axis  of  the  pin  and  at  the  same  time 
hold  the  truck  in  accurate  alignment  with  the  track. 

A  5-hp  1760-rpm  three-phase  208-volt  totally  enclosed  induction 
motor  drives  the  mount  at  a  speed  of  6  rpm.  The  gear-reduction  mecha- 
nism that  comprises  the  azimuth  drive  is  usually  a  considerable  fraction 
of  the  total  weight  of  the  mount.  On  this  set,  the  weight  limitation  of 
600  Ib  maximum  was  met  by  fabricating  a  bull  gear  of  large  diameter  in 
separable  sections.  The  gear  consists  of  a  series  of  hardened  steel  pins 
set  into  the  webs  of  rolled  structural-steel  channels.  A  pinion  meshes 
with  this  gear,  and  a  loose  tolerance  is  allowed  between  the  teeth  of  the 
pinion  and  the  steel  pins  of  the  bull  gear.  The  play  between  the  pinion 
drive  and  the  bull  gear  is  not  objectionable,  because  the  precision  gearing 
on  the  slip-ring  and  synchro-unit  assembly  is  independently  mounted  on 
the  central  hub  and  the  motor  is  not  controlled  by  a  servomechanism. 
The  pinion  is  connected  to  the  motor  drive  through  two  sets  of  spur 
reduction  gears. 

Both  antennas  can  be  tilted  in  a  manner  that  will  raise  or  lower  the 
beams  of  radiation  without  disturbing  the  angular  relations  between  the 
two  fan  beams.  This  permits  a  nice  adjustment  of  the  radiated  energy 
to  horizon  levels  that  will  avoid  "ground  clutter."  It  is  achieved  by 
mounting  each  antenna  in  ball-and-socket  joints  and  then  controlling 
the  position  of  the  antenna  through  an  extensible  arm  at  each  end  of  the 
supporting  frame.  A  motorized  mechanism  such  as  is  commonly  used 
to  open  and  shut  gate  valves  is  employed  at  the  extensible  arm  on  one 
end  of  the  frame;  a  similar  mechanism  on  the  other  end  of  the  frame  is 
kept  in  synchronism  by  means  of  a  mechanical  link  that  takes  the  place 
of  the  motor. 

Each  line  of  waveguide  between  a  feed  and  the  associated  r-f  com- 
ponents on  the  rotating  platform  is  provided  with  a  "wobble  joint/' 
as  illustrated  in  Fig.  3-13.  The  blank  flange  can  be  tilted  until  its  motion 
is  limited  by  the  opposing  choke  flange  without  disturbing  the  flow  of 
r-f  energy  through  the  waveguide  that  terminates  at  the  face  of  each 
flange.  A  rubber  boot  permits  flexure  and  acts  as  a  water  seal.  The 
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vertical  antenna  feed 

Flo.  3-13.- — Feed  and  waveguide  for  the  vertical  beam  of  the  V-heam  radar  sot. 


Flo.  3-14. — Typical  tumble-bolt  connection. 
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axes  of  the  three  flexible  joints  are  in  line  with  the  ball  joints  on  which 
the  antenna  is  tilted.  In  Fig.  3-13  these  joints  appear  at  the  lower  por- 
tion of  the  illustration  and  should  not  be  confused  with  the  rubber  boots 
that  are  used  merely  to  seal  the  openings  in  the  shelter  at  the  points 
where  the  waveguides  pass  through  the  wall. 


I'm.  13-15.  —Antenna  mount  on  a  -5-fl  Lower. 

The  reflectors  are  described  in  Items  4  and  5  of  Table  2-7.  The  track 
supports  are  fabricated  of  lightweight  structural  channels.  All  other 
structural  members  are  builtup  of  SAE  1020  seamless  steel  tubing.  Low- 
carbon  steel  is  preferred  to  high-carbon  steel,  to  facilitate  welding  opera- 
tions. The  ends  of  the  large  number  of  separate  pieces  of  tubing  required 
to  fabricate  the  structural  framework  are  machined  to  true  fit  prior  to 
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welding.  This  procedure  facilitates  welding  operations  and  produces  a 
smooth,  strong,  welded  joint.  The  separable  portions  of  the  mount,  for 
the  most  part,  are  joined  together  with  tumble-bolt  flanged  connections 
of  the  type  illustrated  in  Fig.  3-14.  Each  flanged  connection  has  a  large, 
accurately  machined  center  pin  which  fits  into  a  hole  in  the  mating 
section.  No  piece  of  the  antenna  mount  is  heavier  than  600  Ib.  The 
walls  of  the  shelter  that  houses  the  electrical  equipment  are  Celotex 
heat-insulating  slabs  lined  with  sheet  metal.  Each  wall  section  is  held  in 
place  against  a  steel  frame  by  means  of  thumbscrews.  Cowling  over  all 
open  seams  makes  the  shelter  watertight.  The  entire  mount  can  be 
assembled  by  a  skilled  crew  in  approximately  twelve  hours. 

The  complete  mount  in  operation  on  a  25-ft  tower  is  shown  in  Fig. 
3  •  15 .  The  weights  of  the  separate  components  are  given  in  Table  3 -4. 

TABLE  3-4. — WEIGHTS  OF  ANTENNA   MOUNT  COMI-ONKNTS 

Components  Weight,  Ib 

Track  and  stationary  base     5 ,000 

Trucks,  Wheels,  and  rotating  platform 5,000 

Structural  supports  for  reflectors 2 ,600 

32-  by  10-ft  reflector,  feed  and  tiltiibg  mechanism 2,800 

25-  by  10-ft  reflector,  feed  and.  tilting  mechanism 2  , 100 

Shelter  and  flooring 3 , 1 00 

Electrical  equipment  in  shelter 0,500 

R-f  feed  and  waveguide 1 , 000 

Complete  antenna  mount 2H ,  1 00 

3-6.  Oscillating  Beavertail  Mounts. — Several  radar  sets  employ  oscil- 
lating beavertail  scans  for  height-finding.  The  antenna  mount  of  a 
10-cm  set  of  this  type  uses  a  20-  by  5-ft  reflector  which  is  servo-controlled 
in  azimuth  to  locate  targets  accurately  at  long  ranges  (Fig.  3-16). 

The  AN/TPS-10  is  another  set  of  this  type.  Its  mount  uses  a  10- 
by  3-ft  reflector  with  3-cm  radiation  and  is  manually  controlled  for  posi- 
tioning in  azimuth  to  keep  the  complexity  and  the  weight  of  the  set  at  a 
minimum.  All  parts  are  designed  for  manual  portage  and  quick  assem- 
bly. The  mount  will  be  described  in  some  detail  because  of  these 
features.  Figure  3-17  shows  an  early  model  of  the  AN/TPS-10  mount 
with  the  r-f  box  located  directly  behind  the  midsection  of  the  reflector; 
in  subsequent  models  the  r-f  box  was  lowered  to  the  roller-track  level  to 
make  it  easier  of  access. 

The  set  has  a  beam  of  r-f  energy  that  is  2°  wide  in  the  horizontal  plane 
and  0.7°  wide  in  the  vertical  plane.  This  beam  oscillates  in  elevation 
from  -2°  to  +23°  at  a  rate  of  60  to  75  cpm.  When  used  as  a  search 
set,  the  mount  rotates  around  the  azimuth  axis  at  £  rpm.  This  speed 
cannot  be  exceeded  if  successive  sweeps  of  the  beavertail  scan  are  to  cover 
all  portions  of  the  sector  that  is  being  scanned. 
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The  total  weight  of  the  system  is  1520  Ib  (2500  Ib  packed  for  ship- 
ment). This  weight  is  distributed  as  follows:  mechanical  components 
(27  items),  865  Ib,  r-f  and  electrical  components  on  mount  (4  items), 
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li'iG.  :M(i.  -  Jloavcrlail  u.iiLcnna  mount.     (Courtesy  of  Jordanoff  Corporation.) 

260  Ib,  remote  components  and  test  equipment  (9  items),  395  Ib.  The 
average  weight  of  each  item  is  38  Ib;  the  r-f  box,  which  is  the  heaviest 
unit,  weighs  1 30  Ib.  The  power  unit  is  an  engine-driven  generator  weigh- 
ing 128  Ib.  The  generator  supplies  1400  watts  of  power  at  120  volts  and 
400  cycles  and  400  watts  of  24-volt  d-c  power.  For  convenience,  the 
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design  features  of  the  mount  can  best  be  considered  as  details  of  the  follow- 
ing three  subsections:  elevation  driving  mechanism,  azimuth  driving 
mechanism,  and  general  construction. 

Elevation  Driving  Mechanism. — Figure  3- 18  is  a  left  rear  view  of  the 
mount  and  shows  the  details  of  the  elevation  drive.  A  -J-hp  3000-rpm 
24-volt  d-c  Eicor  driving  motor  is  contained  within  UK;  waterproof 
cylindrical  container  with  cooling  fins  (near  the  center  of  the  figure) .  Uy 


FIG.  3-17. — AN/TPS-10  antenna  mount.      (CourtcbU  of  U.S.  Army.) 

changing  the  pulley  on  the  motor,  it  is  possible  to  vary  the  elevation 
scanning  rate  from  60  to  75  cpm.  The  pulley  drives  a  35-lb  15-in.- 
diameter  flywheel  through  a  "V"  belt.  The  flywheel  is  keyed  to  the 
pinion  shaft  of  a  gear  box.  The  slow-speed  shaft  of  this  gear  box  turns 
a  crank  arm  that  drives  the  reflector  by  means  of  the  connecting  rod. 
The  inertia  of  the  reflector  is  approximately  470  lb-ft2.  It  should  be 
noted  that  in  any  mechanism  of  this  type,  in  which  a  part  having  a  large 
inertia  is  oscillated  at  a  rapid  rate,  a  flywheel  is  ordinarily  put  on  the 
crankshaft.  Since,  however,  the  crankshaft  rotates  at  only  60  to  75 
rpm,  the  weight  of  a  flywheel  on  this  shaft  would  be  excessive.  On  the 
other  hand,  if  the  flywheel  is  removed  by  several  stages  of  gearing  from 
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the  crankshaft,  then  cumulative  backlash  will  induce  pounding  as  the 
torque  on  the  crankshaft  reverses  in  direction.  As  a  compromise,  a 
single-stage  11.5/1  sear  reduction  is  employed  to  reduce  the  backlash. 
Details  of  the  construction  of  the  large  gear  in  this  gear  box  are  shown  in 
Fig.  3-19.  The  spokes  are  steel  tubes,  each  split  on  a  diameter  and 
welded  to  a  sheet-metal  web.  A  gear  reduction  with  a  minimum  of 
weight  and  backlash  has  been  produced  by  employing  this  type  of 
construction. 

Azimuth  Driving  Mechanism. — Figure  3-20  illustrates  the  azimuth 
drive.     The  gear  box  in  the  foreground  contains  a  worm-gear  train  with 


FIG.  3-20. — Azimuth  drive  of  the  AN/TPS-10  antenna  mount. 

2160-to-l  reduction,  driven  by  a  xo-hp  27-volt  d-c  6000-rpm  Diehl 
motor.  The  sprocket  on  the  vertical  shaft  projecting  from  the  top  of 
this  gear  box  meshes  with  a  chain  gear  32  in.  in  diameter.  The  chain  gear 
is  made  from  ordinary  roller  chain  mounted  on  the  outer  diameter  of  the 
30-in.  roller  bearing  with  standard  conveyor  attachments.  The  rod  that 
is  attached  to  the  universal  joint  on  the  shaft  extends  to  a  hand  crank  for 
use  when  manual  tracking  is  desired.  By  means  of  a  differential,  the 
details  of  which  are  shown  in  Fig.  3-21,  the  hand  crank  can  be  used  to 
supplement  the  rotation  of  the  mount  by  the  motor.  If  the  motor  is 
stopped,  the  gear  reduction  is  self-locking  and  the  hand  crank  can  be 
used  independently  to  turn  the  mount  in  either  direction.  The  shaft 
and  universal  joint  extending  from  the  bottom  of  the  gear  box  is  an 
alternate  hand-wheel  attachment  that  is  used  when  the  mount  is  operated 
from  a  tower.  The  main  azimuth  bearing  on  this  mount  is  a  30-in. 
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roller  track,  manufactured  by  General  Bronze  Corporation,  Long  Island 
City,  N.Y.  The  bearing  races  are  at  an  angle  of  45°  with  the  horizontal. 
One  roller  resists  upthrust  of  the  inner  race,  and  alternate  two  out  of 
every  three  rollers  have  their  axes  located  at  90°  to  the  axis  of  the  first 
roller  to  resist  downthrust.  This  bearing,  including  the  chain  gear, 
seals,  etc.,  weighs  65  Ib. 


/ 


J^IG.   3-21. — Azimuth  gear  box  of  the  AN/TPS-10  antenna  mount.      (Courtesy  of  U.ti. 

Army.) 

General  Construction. — Figures  3-17,  3-18,  and  3-20  show  some  of  the 
details  of  the  structure  of  the  mount.  Except  the  aluminum  reflector, 
which  is  described  in  Item  8,  Table  2-7,  most  of  the  structure  is  built  of 
welded  steel  tubing.  The  wall  thickness  of  all  tubing  is  18  gauge.  To 
facilitate  rapid  assembly  of  the  various  sections  of  the  mount,  captive 
screws  are  used  wherever  possible.  The  mount  must  be  rigid  to  resist 
relatively  large  unbalanced  dynamic  loads.  Consequently,  all  structural 
members  are  designed  to  load  the  individual  elements  only  in  tension  or 
compression.  During  operation,  the  maximum  deflection  of  the  elevation 
axis  from  the  normal  position  is  less  than  ^  in.,  which  is  well  within  the 
limits  required  on  the  basis  of  accuracy  considerations. 


CHAPTER  4 
STABILIZATION  OF  SHIP  ANTENNAS 


BY  W.  B.  Ev 
PRELIMINARY  CONSIDERATIONS 

The  earliest  shipborne  radar  antennas  projected  beams  of  such  ample 
dimensions  that  rolling  and  pitching  of  a  ship  did  not  ordinarily  cause 
enough  variation  of  beam  direction  to  increase  the  difficulty  of  holding 
a  target  or  to  leave  unscanned  portions  in  the  area  of  search.  The 
problem  of  stabilizing  antennas  was  born,  then,  with  the  development  of 
microwave  radar  and  the  attendant  need  for  close  control  of  the  direction 
of  the  beam  in  space  if  the  full  advantages  of  its  sharpness  and  resolution 
were  to  be  realized  on  ships  at  sea. 

Stable  reference  data  from  gyroscopic  devices  have  long  been  used  in 
naval  instruments  to  compensate,  in  part,  for  the  unpredictable  motions 
of  the  deck  of  the  ship  and  thus  provide  for  the  steady  aiming  of  the  guns. 
It  was  hoped,  at  first,  that  radar  antennas  could  be  steadied  against  the 
roll  and  pitch  of  a  ship  by  using  similar  methods  and  adapting  stabiliza- 
tion equipment  already  in  existence.  To  a  limited  extent,  such  a  pro- 
cedure was  found  to  be  possible.  There  are,  however,  four  important 
differences  between  the  problem  of  stabilizing  a  radar  antenna  and  that 
of  stabilizing  a  gun.  These  differences  are 

1.  Preradar  fire-control  equipment  was  based  on  the  sighting  and 
holding  of  a  target  with  optical  sights  that  were  partially  stabilized 
by  manually  directed  servomechanisms.     The  fact  that  no  optical 
sight  is  held  on  a  radar  target  introduces  the  need  of  automatically 
computed  corrections  to  correspond  to  those  usually  provided  by 
observers  through  the  optical  sights  and  servomecham'sms  of  fire- 
control  systems.     These  corrections  are  not  directly  obtainable 
from  the  true-vertical  reference  data  provided  by  the  gyroscopic 
equipment  but  must  be  computed  from  these  and  other  known  data 
by  means  of  additional  apparatus. 

2.  All  gun-stabilizing  and  computing  equipment  is  designed  for  gun 
mounts  that  have  the  gun  proper  attached  to  the  deck  by  two 
supporting   axes.     Radar   mounts   can   often   utilize   a   different 
number  or  disposition  of  axes  which  require  different  functions  for 
stabilization  of  the  mounted  antenna. 
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3.  Gyro  equipments  providing  vertical  reference  for  fire  control  are 
not  designed  for  continuous  data  output  through  the  full  cycle  of 
rolls  greater  than  22°  because  it  is  possible  to  restrict  firing  of  the 
guns  to  those  parts  of  the  periods  when  the  roll  is  under  22°.     Radar 
gear  should  be  stabilized  continuously,  not  intermittently,  under 
such  seaway  conditions. 

4.  Some  fire-control  computers  include  elements  that  compute  the 
data  needed  for  some  methods  of  radar-antenna   stabilization. 
These  elements,  however,  are  inseparably  associated  with  many 
others  entirely  extraneous  to  the  radar,  and  they  are  designed  for 
intermittent  operation  intended  to  total  only  a  small  fraction  of 
the  stand-by  time.     Radar  stabilization  gear,  on  the  other  hand, 
must  be  capable  of  continuous  operation  without  undue  wear. 

The  following  discussion  relates  principally  to  stabilization  considera- 
tions peculiar  to  radar  antennas.  More  familiar  equipments,  such  as 
gyroscopic  stable  elements,  that  have  been  used  in  radar-antenna  stabi- 
lization are  given  only  brief  treatment. 

BASIC  TYPES  OF  STABILIZED  ANTENNAS 

Shipborne  antennas  are  usually  mounted  on  the  mast  or  super- 
structure of  a  ship,  as  high  above  the  deck  as  possible.  Because  it  is 
important  to  keep  the  topside  weight  at  a  minimum,  it  becomes  neces- 
sary to  limit  the  weight  of  antenna  mounts.  In  general,  therefore,  it  is 
desirable  to  mount  a  stabilized  shipborne  antenna  with  the  least  number 
of  supporting  axes  and  servo  drives  that  will  provide  satisfactory  stabiliza- 
tion. The  function  and  manner  of  use  of  the  particular  antenna  should 
be  considered,  for  they  determine  the  necessary  number  of  axes  and  their 
various  arrangements. 

Figure  4-1  schematically  illustrates  nine  mounting  arrangements, 
differing  only  in  the  number  or  disposition  of  the  axes  used.  Although 
the  four-axis  mount  requires  no  computers  in  addition  to  a  stable-vertical 
reference  and  meets  all  the  stabilization  requirements  of  most  radar  sets, 
it  is,  unfortunately,  relatively  massive  and  heavy,  for  it  has  four  servo- 
drive  systems  for  controlling  rotation  about  each  of  the  four  axes.  The 
intermediate  designs  with  two  axes  or  an  arrangement  of  three  axes  seem 
best  suited  to  the  needs  of  most  shipborne  antennas  requiring  stabiliza- 
tion. Each  of  the  nine  designs,  however,  is  considered  here  from  the 
viewpoint  of  stabilization. 

4-1.  The  One-axis  Pedestal. — The  one-axis  design  (Fig.  4- la)  has  a 
train  axis  only.  It  permits  stabilization  if  the  beam  fans  in  a  plane 
approximately  perpendicular  to  the  deck.  It  is  stabilized  only  in  the 
sense  that  a  correction  may  be  applied  to  rotation  about  the  train  axis  to 
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(a)   One-axis  mount. 


Train 
axis 


(rf)   Two-axis  mount. 
Type  3. 


Elevation 
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Two-axis  mount. 
Type  1 . 


Three-axis  mount. 
Type  1. 


(r)   Two-axis  mount. 
Typo  2. 


Tram 
axis 


(/)    Three-axis  mount. 
Type  2 


Train 
axis 


Roll 


(i)   Four-axis  mount. 


(0)   Three-axis  mount.  (h)   Throe-axis  mount. 

Type  3.  Type  4. 

FIG.  4-1. — Arrangements  of  axes  for  stabilized  antenna  mounts. 

keep  some  portion  of  the  fan  beam  at  a  known  bearing  angle.  Figures 
4-2a,  bj  c,  and  d  indicate  the  space  relationship  among  elements  of  the 
ship,  target,  and  radar  beam  under  consideration.  The  circular  and 
sector  planes  shown  are  great-circle  sections  of  a  unit  sphere.  The  cross- 
hatched  sector  shown  in  Fig.  4-2a  represents  a  beam  at  relative  bearing 
45°  on  a  ship  that  has,  at  the  moment,  neither  pitch  nor  roll.  The  deck 
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plane,  as  shown  in  Fig.  4-25.  Here  the  fore-and-aft  line  has  been  displaced 
15°  in  a  vertical  plane  from  B  to  B'  (pitch),  and  the  deck  plane  has  been 
rotated  45°  about  the  fore-and-aft  line  (roll).  The  train  angle  of  the 
beam  in  the  deck  plane  is  unchanged  from  angle  a.  It  is  obvious,  then, 
that  the  plane  of  the  beam  is  wide  of  the  target;  and  if  it  is  again  to  include 
the  target,  it  must  be  trained  counterclockwise  in  the  deck  plane  about 
16°  to  point  to  Pr,  as  shown  in  Fig.  4-2c.  The  change  in  train  angle 
required  to  retrain  the  beam  on  the  target  is  the  deck-tilt  correction.  It 
must  be  continuously  and  automatically  computed  and  transmitted  as 
an  electrical  signal  controlling  the  train  drive  of  the  mount.  The 
instantaneous  values  of  the  deck-tilt  correction  are  found  from  the 
relationship1 

,  ,         x       cos2  a  sin  R  sin  P  +  sin  a  cos  a  (cos  K  —  cos  P)      ,.. 

tail  (a    —  a)    =   -.— :, ^y—. : •  ~  rT"    ~o    i   9 i3>       U) 

sin2  a  cos  li  +  sin  a  cos  a  sm  It  sin  P  +  cos2  a  cos  / 

(A-U) 

where  a  =  relative  bearing  of  horizontal  component  of  radar  beam, 

a'  =  train  order  for  beam, 
(«'  —  a)  =  deck-tilt  correction, 

P  =  pitch  angle, 

R  =  roll  angle. 

Figure  4-3  presents  graphs  of  the  rates  and  accelerations  imposed 
upon  the  train  axis  by  the  correction  for  the  deck-tilt  error  when  the 
horizon  is  being  scanned  at  a  uniform  rate  of  6  rpm  in  relative  bearing. 
Later  it  is  shown  that  these  graphs  apply  also  to  the  two-axis  type  ] 
antenna  when  the  beam  is  horizontally  stabilized,  and  to  the  three-axis 
type  I  antenna,  regardless  of  target  elevation. 

4-2.  The  Two-axis  Type  1  Pedestal.  Two-axis  Pedestal  for  Hori- 
zontal Beam. — In  the  one-axis  antenna,  as  shown  in  Fig.  4-2a,  it  is 
obviously  impossible  to  maintain  the  central  portion  (nose)  of  the  beam 
on  the  horizon  or  at  any  given  elevation  if  the  ship  is  rolling  and  pitching. 
Since  the  nose  of  the  beam  is  normally  the  part  with  the  highest  intensity 
of  radiation,  it  is  desirable  to  hold  the  beam  centered  on  the  target  or 
point  of  search.  It  is  apparent  that  such  centering  can  readily  be  accom- 
plished by  giving  the  antenna  additional  freedom  through  a  second  axis  of 
support,  as  shown  in  Fig.  4-lb.  Since  this  second  axis  is  normal  to  the 
antenna  beam  and  parallel  to  the  deck,  it  enables  the  beam,  as  shown  in 
Fig.  4-2c,  to  be  elevated  through  arc  P'T  =  0'.  The  beam  center  then 
illuminates  the  horizon;  the  plane  of  the  fan  and  hence  the  antenna  train 
remain  unchanged.  This  use  of  the  elevation  axis  is  equally  applicable  to 
a  pencil-beam  antenna,  since  the  piano  traversed  by  the  elevation  of 

1  See  Appendix  A  for  the  derivation  of  this  equation  and  others  that  follow.  The 
numbers  preceded  by  A,  such  as  (A- 14)  above,  are  the  numbers  of  the  equations  in 
the  appendix. 
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such  a  beam  coincides  with  the  plane  of  the  fan  beam.  The  fully  stabi- 
lized two-axis  surface-search  antenna  therefore  requires  not  only  the  deck- 
tilt  correction  [Eq.  (1)]  but  also  a  continuously  corrected  elevation  angle 
or  order  £'.  The  latter  is  expressed  by  the  equation 


sin  ft'  =  cos  a  sin  P  cos  R  —  sin  a  sin  H. 

IEJIFT: 


(2) 
(A-16) 
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Fici.  4-3. — Characteristics  of  the  deck-tilt  error  for  stabilized  three-axis  mount  (Type  1) 
and  for  two-axis  mount  (Type  1)  with  horizontal  beam.  SimultaneouH  values  of  pitch  P 
and  roll  R  =  3P  are  assumed. 

Two-axis  Pedestal  for  Above-lwrizon  Beam. — Because  this  two-axis 
pedestal  has  an  elevation  axis,  the  antenna  beam  center  can  be  elevated 
not  only  to  the  horizon  but  also  above  it.  Tt  becomes  possible,  then,  to 
direct  the  beam  to  any  point  in  the  sky  by  the  proper  combination  of 
train  and  elevation  angles.  However,  if  the  beam  is  to  reach  an  elevated 
target  position  such  as  T1  y  which  has  the  same  bearing  as  the  horizontal 
target  T  (see  Fig.  4-2d),  the  plane  of  the  fan  must  be  changed  in  train 
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still  farther  counterclockwise  to  point  P" .  This  correction  is  the  same 
for  a  one-axis  pedestal  if  the  elevated  target  is  to  be  included  in  the  fan 
beam.  In  either  case,  the  value  of  the  correction  is  dependent  on  the 
true  elevation  of  the  target.  Equations  (1)  and  (2)  are  inapplicable, 
being  valid  only  for  targets  on  the  horizon.  The  new  equation  for  train, 
in  which  ft  is  target  elevation  and  ar  is  train  angle,  is  found  to  be 

,  _  sin  a  cos  R  +  (cos  a  sin  P  +  tan  ft  cos  P)  sin  R         f  , 
can  a   —     ~  — ~ ~ -      — -  .    -f:    -  •        (o) 

cos  a  cos  P  —  tan  ft  sin  P 

(A- 15) 

The  equation  for  the  corrected  elevation  angle  or  elevation  order  ft'  that 
the  antenna  will  have  to  assume  when  the  beam  center  is  elevated  to  a 
target  above  the  horizon  is 

sin  ft'  =  (cos  /9  cos  a  sin  P  +  sin  ft  cos  P)  cos  R  —  cos  ft  sin  a  sin  R.     (4) 

(A-12) 

Application  of  the  above  corrections  results  in  high  rates  and  excessive 
accelerations,  especially  in  the  train  angle  or  order  a'  if  the  sum  of  the 
true  target  elevation  angle  ft  and  the  maximum  inclination  of  the  deck 
exceeds  approximately  70°. L  It  is  therefore  impossible  with  the  ordinary 
type  1  two-axis  mount  to  maintain  accurate  beam  control  through  a 
considerable  region  surrounding  the  zenith. 

4-3.  The  Two-axis  Pedestals,  Types  2  and  3.  Two-axis  Pedestal  for 
Zenith  Search. — The  type  2  trainless  arrangement  of  two  supporting  axes 
for  an  antenna  (see  Fig.  4-lc)  is  a  possible,  but  as  yet  unused,  method  by 
which  only  the  zenith  region  may  be  searched  without  encountering 
impractical  drive  accelerations.  In  order  to  stabilize  the  antenna  beam 
in  a  direct  vertical  plane,  it  must  be  assumed  that  the  basic,  axis  to  be 
installed  is  parallel  to  the  fore-and-aft  line  and  that  the  angular  displace- 
ments and  accelerations  required  about  the  basic  and  second  axes  are, 
respectively,  roll  and  pitch.  To  direct  the  beam  elsewhere  within  the 
zenith  cone,  computed  orders  for  each  axis  must  be  derived  from  the  roll 
and  pitch  angles  as  well  as  from  the  known  relative-bearing  and  true- 
elevation  angles  of  the  target  or  point  of  search. 

Two-axis  Roll  Stabilization. — The  two-axis  type  3  pedestal  (Fig.  4- Id) 
provides  roll  stabilization,  which  is  only  an  approximate  form  of  stabiliza- 
tion. It  is,  nevertheless,  the  method  by  which  the  most  precise  azimuth 
stabilization  possible  for  a  two-axis  surface-search  antenna  is  attained 
without  involving  computed  orders.  With  the  roll  data  from  a  stable 
vertical  applied  to  the  basic  roll  axis,  the  train  axis  becomes  stabilized  in 
respect  to  roll.  Since  the  pitch  angles  are  comparatively  small,  their 

1  H.  M.  James,  "Train  Rates  in  a  Two-axis  Director,11  RL  Report  No.  8,  Sept.  18, 
1943. 


SEC.  4-4]  THIS  THREE- AXIS  TYPE  1  PEDESTAL  111 

neglect  is  tolerable  in  certain  applications.  Thus,  although  an  elevation 
error  is  equal  at  times  to  the  pitch  angle,  the  azimuth  or  deck-tilt  error 
is  reduced  to  a  very  low  value  which  may  be  determined  for  a  specific 
case  by  applying  Eq.  (1)  with  R  =  0. 

4-4.  The  Three-axis  Type  1  Pedestal. — Although  the  two-axis  antenna 
beam  can  be  universally  directed,  it  has  been  shown  in  Sees.  4-2  and  4-3 
that  with  construction  of  this  type  it  is  impossible  to  get  full  coverage  of 
the  sky  from  an  unstable  base  such  as  the  deck  of  a  ship.  A  further 
characteristic  of  any  stabilized  two-axis  antenna  mount  is  that  the  beam 
rotates  about  its  central  axis  as  changes  occur  in  the  angle  of  inclination  of 
the  elevation  axis  as  a  result  of  variations  in  the  deck  tilt.  Such  rotation 
is  not  permissible  with  a  fan  beam  which,  to  fulfill  its  purpose,  must  be 
maintained  in  a  vertical  or  horizontal  plane. 

In  a  single  mount,  if  it  is  desired  to  provide  for  full  hemispheric  sky 
coverage  or  to  eliminate  rotation  of  the  beam  about  its  central  axis,  a 
third  axis,  as  shown  in  Fig.  4-le,  may  be  added  between  the  train  and 
elevation  axes  of  the  type  1  two-axis  mount.  The  elevation  axis  in  a 
pedestal  of  this  type  is  called  the  level  axis.  The  additional  axis,  because 
it  is  disposed  at  right  angles  to  the  level  axis,  is  called  the  cross-level  axis. 
Since  the  cross-level  order  is  always  that  which  will  maintain  the  level 
axis  horizontal,  and  since  the  antenna  is  directly  supported  about  the 
level  axis,  the  beam  is  stabilized  against  rotation  about  its  central  axis. 
Thus,  if  the  beam  is  fanned  vertically  in  a  manner  similar  to  that  in  Fig. 
4-4a,  the  cross-level  order  alone  will  keep  it  in  the  vertical  plane  after 
the  ship  has  rolled  and  pitched  to  the  position  shown  in  Fig.  4-46.  The 
level  order  will  serve  to  elevate  and  center  the  fan  on  the  horizon  or  ele- 
vated target  without  changing  its  plane.  The  cross-level  order  alone, 
however,  merely  rotates  the  fan  beam  about  its  line  of  intersection  with 
the  deck  piano  without  changing  the  position  of  the  line  in  the  deck. 
This  line  is  shown  in  Fig.  4-4a  as  CT  in  the  untilted  deck  plane  and  as 
CO'  in  the  tilted  deck  of  Fig.  4-46.  The  angle  a,  the  pedestal  train  angle, 
remains  unchanged  with  respect  to  the  fore-and-aft  line,  but  the  relative- 
bearing  angle  of  the  line  CO'  and  consequently  of  the  beam  has  obviously 
changed  by  the  value  of  the  arc  TO.  To  include  the  target  point  T  in 
the  beam  again,  the  pedestal  must  be  rotated  counterclockwise  about  the 
train  axis  through  the  arc  O'O"  with  a  concomitant  change  in  the  cross- 
level  order  that  will  hold  the  fan  plane  vertical.  A  corresponding  correc- 
tion in  level  order  is  also  required  if  the  beam  is  to  regain  vertical  center- 
ing of  the  target.  In  Fig.  4-4c,  the  beam  is  shown  with  corrections  applied 
on  all  three  axes.  The  change  OT  in  train  angle  is  the  deck-tilt  correction 
and  is  of  exactly  the  same  magnitude  as  arc  PP',  Fig.  4-2c.  This  arc  is  the 
deck-tilt  correction  [Eq.  (1)]  previously  considered  for  horizontal  targets 
for  the  one-axis  pedestal  and  for  the  type  1  two-axis  pedestal.  It  will  be 
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noted  that  although  the  magnitude  of  the  correction  is  the  same,  its  phase 
relationship  to  the  relative  target  bearing  is  shifted  90°.  This  shift  may 
be  attributed  to  the  deck-tilt  error  arising  from  the  tilting  of  an  axis 
alwavs  parallel  with  a  deck  that  is  rolling  and  pitching.  In  the  type  1 
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FTG  4-4. — Three-axiH  mount.  Elements  of  ship,  target,  and  radar  beam  shown  as  spare 
rol;ihonships  of  great-circle  planes  in  a  unit  sphere. 

three-axis  mount  this  cross-level  axis  lies  in  a  vertical  plane  including  the 
line  of  sight,  whereas  in  the  two-axis  mount  the  elevation  axis  lies  in  a 
vertical  plane  disposed  at  90°  to  such  a  plane. 

Since  the  plane  of  the  fan  beam  (or  the  plane  described  by  elevation  of 
a  pencil  beam)  in  the  three- axis  type  1  antenna  is  kept  vertical,  it  is 


Sue.  4-4]  THE  THREE-AXIS  TYPE  1  PEDESTAL  1  13 

obvious  that  the  beam  can  be  centered  on  an  elevated  target  having  the 
same  bearing  as  a  horizontal  target  merely  by  adding  the  true  elevation 
of  the  target  to  the  level  order,  as  shown  in  Fig.  4-4d.  Thus,  in  a  three- 
axis  mount,  target  elevation  is  not  a  factor  in  determining  level,  cross 
level,  or  train  as  it  is  in  one-  and  two-axis  mounts. 

The  level  and  cross-level  orders  for  a  three-axis  antenna  mount  may 
be  developed  directly  by  a  properly  trained  stable  element,  which  may  be 
considered  as  a  computer;  or  they  may  be  developed  and  transmitted  to 
the  antenna  mount  by  a  stable  vertical  and  a  computing  mechanism  using 
roll,  pitch,  and  train  or  relative-bearing  data  as  inputs.  These  trans- 
formations are  governed  by  the  following  relationships,  where  L  is  level 
and  Z  is  cross-level  orders: 

sin  L  =  sin  P  cos  of  —  cos  P  sin  R  sin  a',  (5a) 

(A-28) 

tan  Z  =  tan  R  cos  a'  +  tan  P  sec  R  sin  ar,  (5b) 

(A-24) 
where  train  is  available;  or 

tan  L  =  tan  P  cos  «  —  tan  R  sec  P  sin  a,  (tta) 

(A-38) 

sin  Z  =  sin  R  cos  n  +  cos  R  sin  P  sin  tv,  (6&) 

(A-40) 
where  relative  bearing  is  available. 

In  problems  where  simultaneous  values  of  level,  cross-level,  and  train 
or  relative  bearing  for  any  line  of  sight  are  known  and  employed  as 
mechanical  or  electrical  inputs  to  a  proper  computer,  the  values  of  roll 
and  pitch  may  be  obtained  as  computer  outputs.  These  transformations, 

sin  P  =  sin  L  cos  a.'  +  cos  L  sin  Z  sin  a',  (la) 

(A-30) 

tan  R  =  tan  Z  cos  a'  —  tan  L  sec  Z  sin  a',  (7b) 

(A-29) 
where  train  is  available;  or 

tan  P  =  tan  L  cos  a  +  tan  Z  sec  L  sin  a,  (8a) 

(A-42) 

sin  R  =  sin  Z  cos  a  —  cos  Z  sin  L  sin  a,  (86) 

(A-41) 

where  relative  bearing  is  available,  are  the  converse  of  Eqs.  (5)  and  (6). 
The  roll  and  pitch  outputs  of  such  a  computer  may  be  used  in  place  of 
outputs  from  a  stable  vertical. 

Level,  cross-level,  arid  train  orders  can  also  be  obtained  from  the  data 
pertaining  to  the  line  of  sight  of  another  target  without  first  converting  to 
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pitch  and  roll,  if  both  train  and  relative-bearing  angles  for  the  second  line 
of  sight  are  known.  With  L,  Z,  a,  and  a!  as  before  and  Li,  Zi,  «i  and 
a\  the  corresponding  angles  for  the  second  line  of  sight,  then 

tan  L  =  tan  L\  cos  (a  —  ai)  —  tan  Z,  sec  L\  sin  (a  —  a\),      (9a) 
sin  Z  =  sin  Zi  cos  (a  —  ai)  +  sin  Li  cos  Zi  sin  (a  —  «i),       (96) 
and 

,  .         ,x       sin  (a.  —  on)  cos  Zi  +  cos  (a  —  «i)  sin  L,  sin  Z!        ,.,  _. 

tan  (a    —  aj  = , -r 75 — (10) 

COS  (a  —  ai)  cos  P  ^     ' 

In  deriving  Eq.  (9)  the  level  and  cross-level  angles  pertaining  to  the 
second  line  of  sight  have  been  considered  as  pitch  and  roll  angles  associ- 
ated with  a  reference  line  in  the  deck.  This  is  not  the  fore-and-aft  line — 
the  normal  reference  line — but  rather  a  new  line  at  angle  OL\  to  the  fore- 
and-aft  line.  The  equations  are  derived  by  substituting  (a  —  <*i)  for 
a,  and  Li  and  Zi  respectively,  for  P  and  H  in  Eq.  (6).  Equation  (10) 
is  derived  by  making  the  same  substitution  into  Eq.  (A- 13).  The  angle 
(a  —  a()  is  a  partial  train  order  that  applies  to  the  substitute  reference 
line;  the  train  order  a(  must  be  added  to  get  the  complete  train  order  a'. 

In  a  similar  manner,  data  for  any  line  of  sight  can  be  substituted  for 
pitch  and  roll  data  in  other  foregoing  equations,  although  the  interlocking 
of  data  in  this  way  is  often  undesirable  in  the  construction  of  computer 
instruments. 

4-6.  The  Three-axis  Pedestals  Types  2  and  3.  Train  Axis  Sur- 
mounted by  Elevation  and  Cross-traverse  Axes. — Figure  4- 1/  illustrates  an 
antenna  support  of  a  type  that  differs  from  the  three-axis  type  1  mount 
only  in  the  90°  shift  of  the  bearing  angle  of  the  antenna  with  respect  to 
the  axes.  Since  such  an  antenna  requires  the  use  of  the  two-axis  train 
correction  for  elevation  of  the  beam  above  the  horizon,  it  is  desirable  to 
use  it  only  where  antenna  elevation  is  not  required  or  where  some  definite 
mechanical  advantage  accrues  from  the  arrangement.  Such  an  advan- 
tage was  realized  in  the  design  of  the  10-cm  radar  equipment  (Sec.  5-9d)  in 
which  it  was  desired  to  mount  two  separate  antennas  on  a  common  sup- 
port, one  antenna  being  used  for  search  and  the  other  for  height-finding. 
Mechanical  convenience  was  achieved  by  mounting  the  antennas  at 
right  angles  to  each  other.  Thus,  one  antenna  has  type  1  orientation, 
and  the  other  has  type  2  orientation. 

The  mount  in  Fig.  4- 1/  may  also  be  considered  as  a  two-axis  type  1 
pedestal  with  an  added  axis.  This  axis,  parallel  to  the  radiated  beam, 
may  be  used  to  prevent  rotation  of  the  beam  about  its  central  axis,  as 
noted  in  Sec.  4-4.  When  used  in  this  manner,  however,  the  third  axis 
does  not  relieve  the  pedestal  from  the  high  train  rates  and  accelerations 
required  if  the  beam  is  to  be  elevated  above  the  horizon. 
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Train  Axis  Surmounted  by  Elevation  and  Cross-elevation  Axes. — The 
three-axis  mount  type  3  (Fig.  4-l</)  is  essentially  the  two-axis  type  2 
mount  with  a  train  axis  added.  The  addition  of  a  train  axis  produces  a 
mount  that  is  no  longer  restricted  in  operation  to  zenith  coverage  only 
but  is  also  fully  practicable  for  complete  sky  coverage.  Application  of 
this  arrangement  of  axes  has  been  made  in  experimental  three-axis  gun 
mounts.  In  radar  design  at  present,  however,  it  is  of  academic  interest 
only  as  one  of  the  possible  and  workable  arrangements  of  three  rectangu- 
larly disposed  axes.  Antennas  of  this  type  can  be  trained  on  the  target 
with  minimum  rate  or  acceleration  requirements  on  all  axes,  irrespective 
of  the  position  of  the  target  or  motion  of  the  deck.  The  solution  for  the 
required  antenna  orders  would  require  a  cumbersome  equation  solver  or 
analytic  computer,  which  might  prove  to  be  impracticable.  These 
orders  could  be  readily  provided,  however,  by  a  constructive  computer 
such  as  that  discussed  in  Sec.  4-9. 

4-6.  The  Stable-base  Pedestals.  Three-axis  Stable-base  Pedestal. — 
The  disposition  of  three  axes  in  the  manner  shown  in  Fig.  4- 1//  provides 
a  stable-base  mount  in  which  a  roll  axis  lies  in  a  fixed  position  parallel 
to  the  fore-and-aft  line  of  the  ship.  This  axis  carries  the  pitch  axis  that 
supports  the  train  axis.  Pitch  and  roll  signals  from  a  stable  vertical  are 
applied  as  servo  inputs  at  the  corresponding  antenna  axes.  The  result, 
unique  to  the  stable-base  type,  is  that  the  train  axis  is  stabilized  in  the 
vertical  and  may  therefore  receive  a  direct  order  of  relative  bearing  as  a 
proper  train  order.  Freedom  from  the  requirement  of  a  computed  train 
order  brings  with  it  the  corollary  advantage  of  freedom  from  train 
accelerations  due  to  roll  and  pitch.  Hence,  the  antenna  may  be  trained 
at  constant  rates  higher  than  would  be  practicable  with  other  pedestals 
requiring  application  of  the  variable  deck-tilt  correction. 

The  three-axis  stable-base  antenna  has  no  elevation  axis  and  is  there- 
fore limited  to  applications  where  it  is  acceptable  to  have  a  fixed  angle  of 
beam  elevation  with  respect  to  the  horizon.  It  is  also  limited  in  some 
instances  by  such  considerations  of  mechanical  design  as  windage  and 
balance,  specifically  treated  in  Chap.  5. 

Four-axis  Stable-base  Pedestal. — The  four-axis  antenna  shown  in  Fig. 
4-U'  is  a  stable-base  mount  retaining  the  advantages  of  the  simpler  mount 
shown  in  Fig.  4-l/i.  Through  the  fourth  axis,  it  gains  the  additional 
freedom  required  for  variable  angles  of  beam  elevation.  Having  no 
train  accelerations  due  to  tilt  of  the  deck  and  requiring  no  computers,  it 
falls  short  of  nearly  universal  applicability  to  stabilization  problems  only 
because  of  the  mechanical  difficulties  cited  in  the  preceding  paragraph. 
These  are  accentuated  in  a  four-axis  mount. 

Although  an  antenna  of  this  type  has  been  used  experimentally,  there 
has  been  no  production  of  it  as  yet.  Its  eventual  application  will  be 
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virtually  mandatory,  however,  if  the  further  progress  of  radar  requires 
an  antenna  capable  of  training  a  beam  at  various  elevation  angles  at 
high  rates  of  scan. 

STABILIZATION  INSTRUMENTATION 

4-7.  Stable  Elements  and  Stable  Verticals. — The  basic  equipments 
furnishing  data  for  stabilization  arc  the  gyro-pendulum  devices  called  the 
"stable  elements"  or  "stable  verticals."  These  are  gravity-sensitive 
instruments  of  various  designs,  but  all  operate  on  the  principle  of  a 
pendulum.  The  pendulum,  through  an  electrical  or  mechanical  nonrigid 
coupling,  tends  to  "erect"  the  gyroscope  to  a  fixed  position  with  respect 
to  the  ground,  with  the  gyro  axis  usually  at  or  near  the  vertical.  A 
stable  reference  line  that  is  maintained  in  a  fixed  relationship  to  a  hori- 
zontal plane  regardless  of  rolling  and  pitching  is  thus  established  within 
the  ship. 

There  are  no  universally  accepted  definitions  of  the  terms  stable  ele- 
ment and  stable  vertical.  As  generally  applied,  however,  the  stable 
element  measures  and  transmits  values  of  level  and  cross  level  for  any 
bearing,  whereas  the  stable  vertical  measures  roll  and  pitch  only.  With 
the  stable  element  oriented  to  bearing  0°,  the  level  angle  is  equal  and 
opposite  to  the  pitch  angle,  and  the  cross-level  angle  equals  the  angle  of 
roll. 

So  defined,  the  stable  vertical  is  much  the  simpler  of  the  two  devices 
because  the  supporting  axis  of  the  primary  gimbal  member  is  fixed  with 
respect  to  the  deck.  Since  it  is  necessary  to  be  able  to  train  the  corre- 
sponding axis  in  the  stable  element  in  the  deck  plane,  mechanical  complica- 
tions are  introduced.  These  become  more  involved  as  higher  accuracies 
are  sought  through  the  incorporation  of  compensations  for  the  precessing 
force  (variable  with  latitude)  due  to  the  earth's  rotation  and  also  for  the 
disturbing  forces  arising  from  changes  in  the  course  and  speed  of  the  ship. 
In  one  stable  vertical  developed  for  the  Radiation  Laboratory  by  General 
Electric  Company  it  was  possible  to  incorporate  a  "turn-corrector" 
method  that  was  superior  to  turn-corrector  methods  previously  used. 
However,  it  would  have  been  practically  inapplicable  had  a  stable  element 
been  required. 

The  stable  vertical  for  producing  roll  and  pitch  data  is  all  that  is 
needed  below  deck  for  precise  stabilization  of  the  four-axis  antenna  or 
the  stable-base  three- axis  antenna.  A  stable  element  alone  would  serve 
as  well,  but  its  train  axis,  which  is  superfluous,  would  result  in  unneces- 
sary weight  and  bulk. 

Where  simplification  is  worth  the  cost  of  lowered  accuracy  in  gyro 
performance  or  where  the  errors  of  line-of-sight  stabilization  are  not 
objectionable,  modified  stable  verticals  can  be  used  successfully  at  or  near 
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the  antenna  instead  of  below  deck.  When  so  stabilized,  the  position  of 
the  beam  is  corrected  to  hold  the  horizon,  but  the  deck-tilt  correction  is 
ignored  and  an  azimuth  approximation  is  accepted.  In  its  simplest  form 
the  gyro  pendulum  is  mounted  as  "  back-of-dish "  equipment  on  a,  two- 
axis  antenna  mount.  The  antenna  becomes  the  servo  follow-up  member 
and  responds  through  its  elevation  axis  to  the  output  signals  from  the 
gyroscopic  device. 

A  local  gyro  installation  on  the  roll  axis  of  the  "roll-stabilized"  two- 
axis  antenna  (P"ig.  4-lrf)  can  be  used  without  resorting  to  computers. 
This  method  of  stabilization  introduces  an  elevation  error  but  results 
in  a  good  line-of-sight  approximation.  Theoretically,  both  azimuth  and 
elevation  errors  may  be  eliminated  by  incorporating  gyro  controls  locally 
in  both  the  pitch  and  roll  members  of  a  stable-base  antenna  of  either  the 
three-  or  four- axis  type.  However,  any  gyro  equipment  that  is  carried 
on  the  mast  as  a  part  of  the  antenna  mount  or  carried  adjacent  to  it  is 
subjected  to  disturbing  lateral  accelerations  from  roll  and  pitch  and  also 
to  difficulties  arising  from  atmospheric  conditions  encountered  in  such  an 
exposed  location. 

COMPUTERS  FOR  STABILIZATION  DATA 

Upon  an  analysis  of  the  virtues  and  weaknesses  of  various  stabiliza- 
tion alternatives,  the  radar-system  designer  is  confronted  with  the  fact 
that  he  cannot  attain  in  ideal  combination  the  four  things  that  he  seeks: 
simplicity  of  equipment  on  the  mast,  simplicity  of  below-deck  equipment, 
high  accuracy,  and  avoidance  of  approximations.  If  his  problem  cannot 
afford  the  luxury  of  the  stable-base  antenna  as  a  solution,  the  only  precise 
and  accurate  alternative  is  the  use  of  the  two-  or  three-axis  antenna  mount 
on  the  mast  and  the  necessary  computer  associated  with  the  gyro  equip- 
ment below  deck. 

Computers  for  radar  stabilization  are  of  two  types,  either  of  which  can 
accurately  achieve  the  precise  solutions  of  the  equations  appropriate  for 
the  stabilization  of  any  specific  antenna.  In  the  analytic  type,  the 
problem  is  analyzed,  and  interconnected  mechanisms  are  used  to  solve 
successively  each  arithmetic  and  trigonometric  step  in  the  equations 
involved.  The  alternate  type  is  the  constructive  computer,  often  referred 
to  as  the  "constraint,"  "geometric,"  or  "bail"  computer,  in  which  a 
miniature  model  of  the  elements  of  the  problem  is  constructed  and  a 
solution  produced  without  requiring  more  detailed  analysis. 

4'8.  Mechanical  Analytic  Computers. — The  first  computer  designed 
for  radar  stabilization  was  a  complex  aggregate  of  the  conventional  step- 
by-step  mechanisms  used  in  preradar  fire-control  computers.  By  using  a 
chain  of  such  devices,  a  solution  can  be  partially  worked  out  in  which  the 
rotation  of  the  output  shaft  is  a  high  multiple  of  the  desired  output  angle. 
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This  makes  it  possible  to  keep  at  a  minimum  errors  that  are  due  to 
mechanical  and  assembly  inaccuracies  in  the  gears,  cams,  and  other 
component  parts. 

Although  very  high  accuracy  can  thus  be  obtained  by  the  analytic 
step-by-step  method,  the  aggregate  of  mechanisms  for  the  precise  solu- 
tion of  a  computation  such  as  the  deck-tilt  error  runs  into  considerable 
weight,  bulk,  and  expense.  A  further  disadvantage  is  the  difficulty  of 
designing  mechanical  analytic  computers  for  continuous  operation.  As 
these  devices  have  heretofore  been  constructed,  they  are  not  sufficiently 
wear  resistant,  and  it  would  be  difficult,  if  not  impossible,  to  gain  full 
continuous  operation  with  them. 

4-9.  Constructive  Computers. — The  alternative  to  the  analytic  com- 
puter is  the  constructive  or  mechanical  constraint  computer,  which  in 
principle  provides  a  precise  solution  of  stabilization  problems.  A  rela- 
tively compact  and  simple  mechanical  device  can  be  made  that  will 
simultaneously  provide  data  for  three  stabilization  variables. 

The  constructive  computer  can  be  readily  applied  to  solve  any  com- 
putation encountered  in  the  stabilization  of  any  typo  of  antenna  mount. 
The  simplest  view  to  take  in  the  consideration  of  any  such  computer  is 
that  the  device  is  essentially  a  miniature  model  of  the  space  problem. 
The  point  of  intersection  of  the  various  gimbal  axes  represents  the  loca- 
tion of  the  antenna.  One  system  of  gimbals  and  bails  represents  the 
elements  of  the  problem  of  or  associated  with  the  horizontal  plane.  The 
other  set  of  members  represents  the  elements  of  the  problem  associated 
Avith  the  constantly  moving  deck  plario.  The  two  gimbal  systems  are 
joined  through  the  elements  that  are  always  common  to  both  planes. 
When  the  known  angles  of  the  problem  are  introduced  through  displace- 
ment of  the  appropriate  members,  the  other  members,  representing  the 
unknowns  of  the  problem,  are  constrained  to  assume  the  only  possible 
corresponding  attitudes. 

The  conventional  universal  joint  represents  an  excellent  example  of  a 
mechanical  constraint  computer  and  provides  the  simple  basis  for  a 
number  of  such  devices.  A  shaft  that  is  attached  to  such  a  universal 
joint  and  rotated  at  a  constant  speed  will  transmit  a  variable  rate  of 
rotation  to  a  second  shaft  whose  axis  is  at  an  angle  to  the  axis  of  the  first 
shaft.  During  parts  of  each  revolution  the  driven  shaft  will  alternately 
lead  and  lag  behind  the  driving  shaft.  If  the  angular  difference  between 
the  two  shafts  is  expressed  as  an  equation  in  terms  of  the  bend  angle 
through  the  joint  and  the  rotation  angle  of  the  driver  referred  to  a  fixed 
point,  the  equation  is  one  that  requires  an  elaborate  grouping  of  analytic 
mechanisms  for  solution.  It  is,  in  fact,  the  equation  for  the  deck- 
tilt  error  of  an  antenna  on  a  ship  at  some  fixed  angle  of  roll  and  pitch. 
Because  this  is  so,  the  equations  can  bo  ignored  as  such  and  the  solution 
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derived  directly  by  the  use  of  fixed  references  and  the  application  of 
devices  to  measure  the  rotation  of  the  driven  shaft  relative  to  these  refer- 
ences and  to  the  drive  shaft.  It  is  possible  to  go  further  and  provide  the 
means  for  changing  the  angle  through  the  joint  to  represent  other  com- 
binations of  known  values  of  roll  and  pitch  and  thus  provide  a  continuous 
solution  for  the  actual  deck-tilt  correction  required . 


Relative  bearing 
axis 


Pitch  ball 


Level  ball 


Level  axis 


Roll  gimbal 
Roll  axis 


Pitch  axis 


Fia.  4-5.  —Constraint  elements  of  a  typical  constructive  computer.      The  synchros  are  riot 

shown. 

The  universal  joint  must  have  one  axis  fixed  in  the  ship  and  must  be 
free  to  rotate  about  this  axis  while  being  located  in  the  plane  of  a  gimbal 
system  that  constitutes  a  similar  second  universal  joint.  The  fixed  axes 
of  the  two  universal  joints  must  be  concentric  and  their  pivotal  axes 
must  intersect  at  a  central  point.  A  union  of  two  such  concentric  joints 
is  represented  schematically  in  Fig.  4-5. 

In  this  figure  the  deck  of  the  ship  and  a  pair  of  trunnion  supports  form 
one  shaft  of  the  outer  universal  joint  supporting  the  roll  axis,  which  lies 
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parallel  to  the  fore-and-aft  line  of  the  ship  and  about  which  the  angle 
of  roll  is  measured.  If  the  angle  of  roll  is  applied  to  the  roll  gimbal  in  the 
proper  direction,  the  roll  of  the  ship  will  be  canceled  and  the  pitch  axis 
will  remain  horizontal  and  parallel  to  the  horizontal  axis  in  the  ship.  If 
the  angle  of  pitch  is  applied  about  the  pitch  axis  in  the  proper  direction, 
the  pitch  bail,  representing  the  shaft  of  the  outer  universal  joint,  will  be 
stabilized  against  both  pitch  and  roll  and  the  relative-bearing  axis  will  be 
held  vertical.  The  inner  universal  joint  can  be  rotated  with  respect  to 
the  outer  one  if  its  shafts  are  concentrically  supported  by  the  correspond- 
ing parts  of  the  outer  joint. 

The  outer  universal  joint  or  gimbal  system  now  provides  the  inner  one 
with  a  means  of  controlling  the  angle  of  rotation  through  the  joint 
between  its  shafts  as  a  function  of  pitch  and  roll.  It  also  provides 
these  shafts  with  a  reference  base  from  which  to  measure  the  rotational 
departure  of  each,  one  in  the  deck  plane  and  one  in  the  horizontal  plane, 
from  its  zero  position. 

The  elements  of  a  computer  assembly  required  for  stabilization  of 
antennas  are  now  evident.  Such  an  assembly  computes  not  only  the 
train  order  including  the  deck-tilt  correction  [Eq.  (1)]  but  also  the  level 
and  cross-level  orders  [Eq.  (6)].  It  remains  only  to  provide  the  means  for 
putting  in  the  known  angular  values  at  the  driving  members  and  for 
transmitting  the  computed  values  represented  by  the  angular  positions 
assumed  by  the  driven  members.  For  this  purpose,  servomechiinisnis 
receive  roll  and  pitch  signals  from  a  stable  vertical  to  drive  the  roll  and 
pitch  members  Rm  and  Pm  through  their  proper  angles.  A  third  servo- 
mechanism  acts  on  target  signals  that  are  received  from  the  radar  opera- 
tor's console  and  give  relative  bearing  of  the  target,  and  applies  this  angle 
to  displace  the  level  bail  relative  to  the  pitch  bail,  shown  in  Fig.  4-5  at 
zero  position.  The  induced  relative  rotation  of  the  joined  members 
around  the  level,  cross-level,  and  train  axes  equals,  respectively,  the 
actual  angles  of  level,  cross-level,  and  train.  These  computed  values 
may  be  transmitted  to  the  stabilized  equipment  or  wherever  desired  by 
synchro  generators  that  are  geared  to  the  proper  axes.  By  a  relatively 
compact  and  simple  mechanism,  this  geometric  device  can  thus  simul- 
taneously compute  three  solutions  that  would  otherwise  require  a  for- 
midable aggregate  of  component  solvers  for  the  arithmetic  and  trigono- 
metric functions  of  the  three  equations. 

It  must  be  remembered,  however,  that  a  constraint  computer  is 
inherently  a  one-speed  device  that  cannot  take  full  advantage  of  geared- 
up  synchros  and  that  its  accuracy  in  performance  demands  high  quality 
of  design  and  manufacture.  Nevertheless,  accuracies  can  be  obtained 
that  closely  approach  those  possible  with  the  analytic  method  and  are 
adequate  for  high-precision  radar  stabilization.  The  slight  loss  of  pos- 
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siblc  accuracy  is  more  than  offset  by  the  great  gain  in  simplicity,  compact- 
ness, and  adaptability  to  continuous  operation  without  undue  wear. 

In  the  actual  construction  of  a  constraint  computer,  its  essential  basic 
elements  are  usually  obsciired  by  the  interconnecting  gear  trains,  motors, 
synchros,  etc.  It  is  difficult  to  recognize  the  simple  members  in  the 
schematic  sketch  of  an  actual  computer,  but  with  sufficient  study  they 
can  be  traced. 


Train 


Level 


Rel.  brg. 


36  X 
ICT 


Train 
axis 


x  Pitch  axis 


Fia.   4-6. — Schematic   diagram  of  a   constructive   computer  for  three-axis  stabilization. 


Figures  4-6  and  4-7  present  a  developed  schematic  diagram  and  a 
photograph  of  computers  evolved  from  the  elementary  schematic  dia- 
gram of  Fig.  4-5. 

In  spite  of  the  relative  simplicity  of  the  geometric  computer,  highly 
accurate  solutions  are  difficult  to  attain  unless  the  greatest  care  is  taken 
to  assure  the  highest  practical  order  of  perfection  in  both  design  and 
machining  specifications  of  all  components.  Such  care  is  necessary, 
especially  in  the  manufacture  of  precise  low-speed  gearing,  of  concentric 
gimbals  and  bails,  and  of  high-quality  servo  follow-ups.  Production 
techniques  for  precision  gears  and  the  performance  characteristics  of 
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l''u_r.    1-7-  —  Computers  tor  Nt;il)i|)z;)tioii  of  throo-axis  (bottom)  and  two-axis  (top)   mounts 
with  covers  removed.     (Courtesy  of  International  Business  Machines  Corporation.) 
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instrument  servomechanisms  have  so  greatly  advanced  during  the  war 
that  accuracies  heretofore  unattainable  are  now  possible. 

The  stabilization  of  a  three-axis  mount  by  a  stable  vertical  and  con- 
straint computer  system  was  tested  on  a  roll-and-pitch  platform.  The 
platform  was  made  to  roll  with  an  amplitude  of  15°  at  an  11-sec  period  and 
simultaneously  to  pitch  with  an  amplitude  of  5°  at  a  7-sec  period.  The 
weighted-average  errors  obtained  at  the  antenna  were  2'  in  azimuth  and 
5'  in  elevation,  and  the  corresponding  maximum  errors  were  5'  and  10'. 
Since  these  errors  include  gyro  and  antenna  servo  errors,  the  part  of  the 
error  attributable  to  the  computer  is  considerably  smaller.  These 
errors  could  possibly  be  reduced  by  a  more 
advantageous  arrangement  of  the  gear  trains 
and  members  in  the  computer ;  such  an  arrange- 
ment could  be  made  by  adopting  for  radar  use 
the  standard  servo-synchro  system  of  the 
Bureau  of  Ships.  This  system  places  the  con- 
trol transformer  unit  of  the  synchro  tie  at  the 
stable-element,  or  computer,  end  of  the  system 
and  thereby  makes  it  practicable  to  use  size  1 
synchros  in  these  instruments.  This,  in  turn, 
by  making  rearrangements  of  parts  possible, 
allows  for  more  favorable  gear  and  gimbal 
relationships  without  increasing  the  computer 
size. 

4-10.  Electrical-resolver  Computers. — The 
electrical  resolver  is  a  two-phase  synchro  differential,  that  is,  a  l/l  two- 
phase  transformer  with  a  rotatable  secondary.  The  two  stator  or  primary 
windings  are  placed  in  space  quadrature,  as1  are  the  two  secondaries. 
When  a-c  voltages  Eai  and  E82  arc  applied  to  the  stator  windings  and  the 
rotor  is  displaced  through  an  angle  0,  the  induced  rotor  voltages  are,  as 
indicated  in  Fig.  4-8, 


FIG.  4.8. — Schematic  diagram 
of  electrical  resolver. 


En  =  Eai  cos  6  +  ESz  sin  e, 
Erz  =  —ESI  sin  9  +  Eaz  cos  6. 


(Ha) 

(Ub) 


The  angle  6  is  measured  from  a  reference  position  of  the  rotor  at  which 
rotor  coil  1  is  in  alignment  with  stator  coil  1. 

The  electrical-resolver  method  of  computing  stabilization  data  is 
similar  in  some  respects  to  both  the  analytic  and  the  constructive  methods 
of  computation  and  may  logically  be  considered  as  an  adaptation  of 
either.  On  one  hand  the  equations  of  the  problem  may  be  broken  down 
into  a  chain  of  subequations,  each  of  which  can  be  solved  by  one  of  a 
corresponding  chain  of  electrical  resolvers.  On  the  other  hand,  study 
of  the  geometry  shows  that  the  problem  can  be  solved  constructively  by  a 
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sequence  of  rotations  of  the  coordinate  axes,  each  rotation  being  of  the 
sort  that  can  be  represented  by  the  action  of  a  resolver.  Such  an  analysis 
of  the  problem  makes  it  possible  to  set  up  a  suitable  chain  of  electrical 
resolvers  for  solving  the  problem  without  the  need  for  referring  to  the 
equations  corresponding  to  each  one  of  them. 

The  latter  approach  provides  the  simpler  method  of  understanding 
the  manner  in  which  the  resolvers  may  be  applied  to  stabilization  or 
similar  angle-conversion  problems.  A  vector  having  coordinates  (x,y,z) 
in  a  right-hand  system  of  coordinates  is  first  considered.  If  the  system 
is  rotated  about  the  z-axis  through  the  angle  6,  the  coordinates  of  the 
vector  in  the  displaced  system  will  be 

x'  =  x  cos  0  -f-  y  sin  0, 
y'  =  —x  sin  9  +  y  cos  6, 

z'  =  z. 

It  will  be  noted  that  these  values  of  x'  and  y'  are  equivalent  to  the  induced 
rotor  voltages  shown  as  outputs  of  the  electrical  resolver  in  Fig.  4-8.  The 
function  performed  by  the  resolver  is,  therefore,  the  electrical  counter- 
part of  the  rotation  of  axes  in  space.  A  series  of  such  rotations  can  lead 
to  the  solution  of  most  angle-conversion  problems. 

As  an  example,  the  computation  of  train  and  elevation  orders  for  a 
conventional  two-axis  pedestal  will  be  traced  through  the  applicable 
resolver  chain.  Tt  will  be  assumed  that  the  true  elevation  and  relative 
bearing  of  the  target  and  the  roll  and  pitch  angles  of  the  ship  are  known. 

The  general  principle  is  to  start  with  a  system  of  coordinates  with  the 
z-axis  along  the  line  of  sight  and  a  unit  reference  vector  in  the  same 
direction  and  then  by  successive  rotations  of  the  axes  involving  the  angles 
of  true  elevation,  true  bearing,  pitch,  roll,  bearing  order,  and  elevation 
order  to  find  the  components  of  the  unit  vector  in  these  successive  sets 
of  axes.  The  last  two  rotations  must  bring  the  axes  back  to  their  original 
position  so  that  the  final  x  component  again  has  the  value  of  1,  the  y 
and  z  components  again  becoming  zero.  By  this  process  it  is  found  both 
mathematically  and  electrically  what  pair  of  values  of  the  bearing  and 
elevation  orders  is  equivalent  to  any  set  of  values  of  the  other  four  angles. 
This  problem  is  worked  through  mathematically  in  the  first  part  of 
Appendix  A,  to  which  reference  should  be  made. 

If  to  the  first  resolver  there  are  applied  voltages  Eai  =  I  and  Eat  =  0, 
corresponding  to  x  =  1,  y  =  0  of  Eq.  (A-l)  and  the  rotor  is  turned 
through  the  angle  0  (/3  is  the  true  elevation  angle),  the  output  voltages 
Eri  and  En  will  by  Eqs.  (lid)  and  (116)  be  cos  0  and  sin  0,  corresponding 
to  x'  and  yf  of  Eq.  (A-2).  To  the  stator  of  the  second  resolver  are  then 
applied  the  voltages  zero  and  cos  /3,  respectively,  and  the  rotor  is  rotated 
through  the  angle  a.  The  output  voltages  will  then  be  z"  and  x"  of 
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Eq.  (A-3).  It  will  be  noted  that  a  can  be  varied  continuously  at  a  steady 
rate  to  correspond  to  steady  scan  in  azimuth.  The  angles  P  and  R 
obtained  from  a  stable  vertical  can  next  be  introduced  by  the  third  and 
fourth  resolvers  in  an  analogous  manner  so  that  voltages  corresponding 
to  Eq.  (A-5)  will  be  generated.  These  give  the  components  of  the  refer- 
ence vector  in  a  system  of  coordinates  in  which  the  zz-plane  is  the  deck 
plane,  the  z-axis  pointing  forward  along  the  fore-and-aft  axis  of  the  ship, 
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u=Ll     to  change  the  impedance  level 
FIG.  4-9. — Schematic  diagram  of  eloctrical-resolver  chain  in  computer  for  two-axis  stabili- 
zation. 

the  t/-axis  being  perpendicular  to  the  deck,  and  the  z-axis  pointing  to 
starboard.  This  y-axis  corresponds  to  the  actual  train  axis. 

The  two  final  steps,  which  develop  the  solution  angles,  are  readily 
accomplished  in  the  last  two  resolvers  by  servomechanisms  that  drive 
the  rotors  of  the  resolvers  representing  the  successive  transformations 
involving  a'  and  /3'  rotations  so  that  zero  voltages  are  maintained  on  the 
rotor  outputs  that  correspond  respectively  to  the  z-  and  ^-coordinates. 

Figure  4-9  includes  the  equations  for  each  step  in  the  chain  and 
designates  the  corresponding  geometric  transformations  in  the  successive 
systems  of  coordinates. 
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Of  all  antenna-stabilization  computers,  the  electrical-resolver  type 
most  nearly  approaches  the  ideal  of  an  aggregation  of  more  or  less  stand- 
ard component  devices,  and  it  may,  therefore,  provide  the  best  possibility 
for  minimizing  computer  manufacturing  costs.  The  complete  assembly 
of  the  synchro-and-resolver  system  with  four  servo  systems  and  nine 
boosters  (impedance-transforming  amplifiers)  becomes,  however,  a 
bulkier  and  particularly  a  heavier  unit  than  might  at  first  be  expected 
from  its  mechanical  simplicity.  Also,  the  revolver  computer,  like  the 
geometric  bail  computer,  is  a  one-speed  device  and  must  therefore  have 
highly  precise  gearing  and  servomechaiiisms  if  high  accuracy  is  to  be 
expected. 

A  single  chain  of  resolvers  can  compute  but  two  solution  angles. 
This  number  is  adequate  for  the  two-axis  mount,  but  three  angular  orders 
are  required  for  the  three-axis  pedestal.  If  the  three  values  are  to  be 
electrically  computed,  two  chains  are  required,  one  having  five  resolvers 
and  the  other  four. 

Since  the  two-axis  electrical  computations  are  thus  achieved  more 
readily  than  three-axis  computations,  the  situation  encountered  in  the 
mechanical  computers  is  reversed.  This  fact  suggests  that  the  resolver 
computer  could  logically  be  applied  in  two-axis  antenna  stabilization  even 
though  its  weight  and  bulk  may  prevent  its  consideration  for  the  three- 
axis  mount. 

4-11.  Centralized  vs.  Individual  Instrumentation. — The  tendency 
through  the  war  years  was  the  continual  addition  to  fighting  ships  of  new 
radar,  sonar,  and  other  detection  and  communication  equipments  that, 
to  be  fully  effective,  require  stabilization.  The  result  has  been  the 
creation  of  problems  of  excessive  weight  and  space  allotment  for  the 
individual  stable  elements  or  stable  verticals  associated  with  these  new 
systems. 

The  first  approach  to  these  problems  was  an  attempt  to  avoid  the 
duplication  of  gyroscopic,  instruments  by  tapping  the  train,  level,  and 
cross-level  signals  generated  by  and  for  the  fire-control  equipment  and 
converting  these  data  through  appropriate  computers  to  the  orders 
necessary  for  stabilizing  any  other  equipment.  This  approach  was  not 
approved  by  those  responsible  for  ordnance  stable  elements  because  it 
was  felt  that  interception  of  the  vital  output  data  for  extraneous  uses 
might  adversely  affect  its  validity  for  the  original  application.  There 
were  also  the  additional  objections  cited  in  the  introduction  to  this 
chapter. 

The  second  attempt  at  a  solution  was  to  make  a  single  gyro  equipment 
give  the  vertical-reference  data  for  two  or  more  of  the  new  systems  and 
thus  reduce  duplication.  The  result  was  an  instrument,  which  combines 
the  stable  vertical  with  constructive  computers  as  shown  in  Figs.  4-7  and 
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4-10.  These  computers  are  stacked  upon  the  stable  vertical  and  receive 
roll  and  pitch  values  from  it  through  connecting  rods.  The  stable 
vertical  also  produces  synchro  outputs  of  pitch  and  roll  that  are  applicable 
to  stable-base  antennas  and  to  any  computers,  either  electrical  or  mechan- 
ical, that  operate  from  pitch  and  roll  data. 

Various  manufacturers  have  also  given  thought  to  reducing  or  elimi- 
nating the  duplication  of  stable  elements.  The  idea  has  gradually  gained 
such  general  acceptance  that  it  is  no  longer  a  question  of  whether  or  not 


Stable 
vertical 


FIG.  4-10. — Stable  vertical  assembled  with  two  computer  units. 


individual  instrumentation  should  be  abandoned  but  rather  how  far  and 
along  what  lines  should  centralized  instrumentation  be  pursued. 
Four  major  alternatives  may  be  considered: 

1.  Master  stable  vertical  with  electrical  outputs  for  all  purposes 
except  main-battery  fire  control.     All  stabilized  gear  to  be   of 
stable-base  design. 

2.  Same  as  (1),  except  with  variously  located  individual  computers 
to  convert  electrical  pitch  and  roll  data  to  data  usable  by  nonstable- 
base  equipments. 

3.  Master  stable  vertical  in  a  ship  to  serve  all  stabilized  gear  in  much 
the  same  manner  as  the  course  data  of  a  ship  are  now  supplied 
from  the  master  gyro  compass.     Signals  from  main  pitch  and  roll 
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buses  to  be  converted  individually  to  appropriate  data  for  main- 
battery  fire  control  and  other  nonstable-base  gear. 
4.  Subdivision  of  the  stabilized  equipments  of  a  ship  into  groups,  each 
with  one  stable  vertical  providing  mechanical  and  electrical  pitch 
and  roll  data  for  the  group. 

Although  Plan  1  offers  the  alternative  requiring  the  simplest  instru- 
mentation, the  gain  in  this  direction  does  not  appear  great  enough  to 
offset  the  excessive  weight  of  stable-base  equipments  (Sec.  4-6). 

Plan  2  eliminates  the  question  of  main-battery  participation  and  is 
perhaps  the  better  for  so  doing.  It  is  still  open  to  the  objection  that 
stabilization  problems  other  than  main-battery  fire  control  might  benefit 
from  prime  data  and  that  each  computer  for  nonstable-base  equipment 
requires  duplicate  roll  and  pitch  servo  systems. 

Plan  3  possesses  much  merit  but  is  open  to  the  objection  that  the  main 
battery  is  deprived  of  prime  data.  The  conversion  from  pitch  and  roll 
to  level  and  cross-level  through  a  separate  servo-driven  computer  neces- 
sarily introduces  some  error.  The  merit  of  the  plan  hinges  largely  on 
whether  or  not  this  error  is  tolerable.  It  is  quite  possible  that  it  may 
ultimately  be  reduced  to  an  acceptable  value. 

Plan  4  is  exemplified  by  the  Radiation  Laboratory  stable  vertical  and 
computer  instruments  and  is  a  compromise  between  completely  individual 
stable  elements  and  complete  centralization  of  gyro  data.  It  has  the 
possible  disadvantage  of  requiring  several  gyro  equipments  in  larger  ships. 
It  has,  however,  the  advantages  of  solving  at  least  two  nonstable-base 
problems  at  each  stable  vertical  with  prime  mechanical  data  and  of 
eliminating  pitch-and-roll  servo  duplication  for  each  computer  directly 
coupled  to  a  stable  vertical.  In  a  great  many  ships  there  will  not  be  more 
than  two  nonstable-base  mounts  to  be  stabilized,  and  these  would  be  fully 
served  by  a  single  aggregate  instrument.  The  more  elaborate  gyro-data 
requirements  of  other  ships  could  be  met  by  separate  electrical  or  mechan- 
ical computers  receiving  electrical  pitch  and  roll  signals  from  the  central 
instrument.  As  the  number  of  stabilized  equipments  under  this  plan  is 
increased,  it  would  become  desirable  at  some  point  to  utilize  a  second 
stable  vertical  and  a  new  group  of  dependent  computers. 


CHAPTER  5 
SHIP  ANTENNA  MOUNTS 

BY  R.  J.  GKENZEBACK  AND  D.  D.  JACOBUS l 

The  basic  functions  performed  by  shipborno  radars  are  essentially 
no  different  from  those  of  land-based  radars.  Scanning  requirements, 
as  set  forth  in  Sec.  3-1,  apply  equally  to  land-  or  ship-based  systems.  In 
order  to  accomplish  these  functions  fully,  however,  certain  shipborne 
antennas  must  be  compensated  for  the  rolling  and  pitching  of  the  ship. 

The  basic  concepts  of  the  stabilization  of  shipborne  equipment  arc 
(iealt  with  at  length  in  Chap.  4.  In  the  present  chapter  are  discussed 
some  of  the  mechanical  features  involved  in  the  actual  construction  of 
mounts  for  ship  antennas.  Detailed  descriptions  of  representative 
mounts  are  included  at  the  end  of  the  chapter. 

6-1.  Loading. — Intelligent  design  of  an  antenna  mount  requires  con- 
sideration of  all  factors  contributing  to  the  loading  of  the  apparatus.  The 
relative  importance  of  any  factor  is  determined  by  the  special  require- 
ments of  the  particular  design.  Military  equipment,  of  course,  is  subject 
to  much  more  violent  loads  than  equipment  intended  for  peacetime 
applications. 

Wind  forces  constitute  the  largest  single  source  of  loading  for  ground 
and  ship  antenna  mounts.  The  subject  is  discussed  in  Sees.  2-12  and 
2-1 3  in  some  detail.  The  following  discussion  is  concerned  with  the  other 
factors  contributing  to  the  loading  of  an  antenna  mount. 

The  inertial  loads  are  of  paramount  importance  in  the  design  of  any 
antenna  mount.  They  arise  from  two  sources:  accelerations  due  to 
forces  acting  upon  the  vehicle  carrying  the  antenna  mount,  and  accelera- 
tions imposed  by  the  servo-driving  system.  Although  these  two  inertial 
loading  conditions  have  been  defined  separately,  in  practice  they  seldom 
occur  separately.  The  severity  of  normal  loads  from  the  servo  system 
varies  with  the  purpose  for  which  the  radar  is  used.  For  instance,  gun- 
laying  mounts  that  must  track  moving  targets  rapidly  experience  much 
higher  accelerations  than  mounts  that  perform  simple  search  functions. 
Violent  oscillations  are  not  usually  encountered  under  normal  operating 
conditions,  but  the  possibility  of  this  occurrence  during  lining-up  of  the 
servo  system  must  be  allowed  for  in  the  design. 

Shock  loading  may  come  from  several  sources  and  is  usually  more 

1  Section  5.9d  is  by  D.  D.  Jacobus. 
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severe  for  shipboard  installations  than  for  ground  antenna  mounts.  For 
the  latter,  road  shock  is  probably  the  most  severe  of  the  normal  loads 
encountered.  These  shocks  occur  primarily  in  the  vertical  direction 
and  may  cause  maximum  accelerations  of  50  g.  Since  radar  ground 
equipment  is  rarely  operated  while  in  transit,  it  is  possible  to  provide 
stowing  facilities  that  will  prevent  loads  due  to  road  shock  from  being 
transmitted  to  gear  trains.  Stowage  as  a  means  of  protection  against 
shock  is  not  feasible  for  marine  equipment. 

Because  of  their  location  near  the  masthead,  ship  antenna  mounts 
may  experience  accelerations  of  about  1.5  g  as  a  consequence  of  rolling 
and  pitching  and  of  maneuvers  of  the  ship.  Motor  torpedo  boats  are 
exceptional  in  that  vertical  shocks  up  to  15  g  are  encountered  as  a  result 
of  the  motion  of  the  vessel. 

Maximum  shocks  that  cause  accelerations  of  270  g,  arising  from  gun- 
fire, depth  charges,  and  direct  hits,  may  occur  on  warships.  It  is  obvi- 
ously impossible  to  build  antenna  mounts  that  can  withstand  loads  of 
such  magnitude  and  still  comply  Avith  weight  restrictions.  Fiirthermore, 
the  usual  location  of  the  antenna  mount  is  such  that  shocks  from  the 
above  sources  will  be  largely  absorbed  by  the  structure  of  the  ship. 
Generally  speaking,  design  for  15  g  vertically  and  4  to  5  g  horizontally 
will  result  in  a  serviceable  unit.  The  foregoing  design  criteria  will,  of 
course,  be  modified  whenever  more  specific  information  is  available. 

Shipborne  and  mobile  ground  equipments  are  subject  to  vibrations  of 
widely  varying  frequencies.  Damaging  vibration  frequencies  are  about 
5  to  20  cps  for  most  ships  and  15  to  120  cps  for  motor  torpedo  boats. 
Suspensions  that  would  isolate  vibration  at  these  low  frequencies  would 
offer  very  little  resistance  to  severe  shocks.  The  use  of  snubbers  to  limit 
the  displacement  under  shock  and  to  absorb  the  shock  has  been  found  to 
cause  accelerations  greater  than  those  which  would  result  through  the 
use  of  stiffer  suspensions  with  no  abrupt  changes  in  spring  constant. 

In  view  of  the  foregoing  statements,  it  is  currently  considered  good 
practice  to  use  mountings  that  afford  shock  protection  primarily  but  that 
are  resonant  above  the  range  of  damaging  vibration  frequencies  in  order 
to  limit  displacement.  Rubber  compression  mounts  having  a  resonant 
frequency  at  about  28  cps  are  recommended  for  ship  installations.  A 
high  damping  coefficient  is  desirable.  Deflection  under  load  of  shock 
mounts  used  on  ships  should  be  about  0.010  to  0.01 5  in. 

Generally  speaking,  since  the  antenna  mount  must  maintain  a  fixed 
relationship  to  the  ship  upon  which  it  is  carried,  pedestals  are  rarely  sup- 
ported by  shock  or  vibration  mountings  but  are  fastened  rigidly  to  the 
mast.  Electronic  equipment  installed  on  the  antenna  mount,  however, 
should  be  shock-mounted  as  discussed  above.  Most  electronic  equip- 
ment now  being  built  will  withstand  low-frequency  vibrations  satis- 
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factorily  if  the  vibration  amplitude  is  not  excessive.  The  rest  of  the 
antenna  mount  must  be  proportioned  and  reinforced  so  that  it  can  with- 
stand damage  from  vibration.  As  a  rule,  the  reflector  is  the  portion  of 
the  antenna  mount  that  requires  the  most  protection  against  damage 
from  vibration.  Critical  points  to  watch  arc  places  of  attachment,  over- 
hung tips,  and  local  regions  such  as  those  between  grid-element  sup- 
ports. Whenever  possible,  specific  information  should  be  obtained  on 
vibrations  that  may  be  encountered  in  a  proposed  installation. 

For  small  antenna  mounts,  structural  weight  loads  are  of  minor 
consequence,  but  on  larger  mounts  they  are  a  considerable  item.  Acces- 
sories, in  the  form  of  special  actuating  devices,  r-f  components,  etc.,  are  a 
major  source  of  dead  weight.  The  designer  must  take  into  account  the 
distribution  of  all  these  weights  and  evaluate  their  influence  in  combina- 
tion with  the  dynamic  loads. 

One  frequent  cause  of  structural  damage,  not  always  apparent  to  flu; 
designer,  is  the  variety  of  loads  encountered  in  transporting  and  in  moving 
the  equipment  into  position  during  its  installation.  Damage  that  can  be 
caused  by  careless  personnel  is  considerable.  It  is  impossible,  of  course,  to 
anticipate  and  provide  for  all  contingencies  of  this  nature,  but  the  designer 
can  go  a  long  way  toward  minimizing  the  chance  for  such  damage.  He 
should  provide  the  equipment  with  judiciously  placed  and  well-labeled 
handles  or  hoisting  eyes.  Projecting  parts  that  might  offer  tempting 
handholds  or  footholds  should  be  adequately  reinforced  if  they  cannot  be 
eliminated.  Fragile  parts,  if  unavoidable,  should  be  labeled  with 
"Hands  Off11  warnings.  Shielding,  to  prevent  damage  from  dropped 
tools  or  other  articles,  should  be  liberal.  These  precautions  should  be 
observed  even  at  the  cost  of  a  slight  increase  in  weight. 

Ice  on  the  antenna  structure  will  cause  additional  loading,  and  the 
problem  of  preventing  its  accumulation  has,  in  the  past,  been  a  difficult 
one  for  designers  of  ground  and  ship  antenna  mounts.  Various  schemes 
have  been  proposed  for  dealing  with  ice  by  mechanical,  thermal,  or 
chemical  means.  Kxcept  for  application  of  anti-icing  fluid  to  radomes, 
none  of  these  expedients  has  proved  very  practical  in  preventing  ice  or 
eliminating  it  once  it  has  formed.  Furthermore,  prevention  of  ice 
formation  on  surface-based  radomes  has  almost  never  been  attempted 
operationally,  and  the  trend  in  ground  and  ship  installations  is  to  elimi- 
nate radomes  entirely. 

The  only  remotely  feasible  means  yet  devised  for  preventing  ice 
formation  on  exposed  antennas  is  to  apply  heat  to  the  structure.  To 
accomplish  this,  especially  with  such  an  ideal  heat  radiator  as  a  grid 
reflector,  obviously  requires  large  amounts  of  energy  and  is  seldom 
practical.  Actual  experience  with  military  equipment  operating  under 
all  sorts  of  climatic  conditions  has  proved  that  difficulties  due  to  ice  have 
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been  less  than  anticipated.  Only  three  or  four  instances  of  trouble  from 
this  source  have  been  reported,  and  these  were  not  serious. 

Radar  antennas  intended  for  use  in  submarines  require  special 
designs.  Both  dynamic  and  static  hydraulic  loads  are  encountered. 
With  due  allowance  made  for  differences  in  the  applicable  Reynolds 
number,  the  general  remarks  on  wind  loading  (Sees.  2-12  and  2-13) 
apply  in  estimating  dynamic  loads  on  submerged  reflectors.  Reduction 
in  total  load  is  achieved  by  using  a  reflector  of  the  grid  type.  Fortu- 
nately, from  the  standpoint  of  power  demands,  the  antenna  is  not  rotated 
while  submerged.  Sufficient  power  must  be  available,  however,  to  over- 
come the  friction  of  watertight  packing  glands  and  to  permit  operation 
in  60-knot  winds. 

The  antenna  must  be  capable  of  withstanding  static  pressures  occa- 
sioned by  operation  of  the  submarine  at  great  depths  plus  the  pressure 
increment  resulting  from  the  explosion  of  depth  charges  near  by.  Impact 
loads  from  surface  waves  and  the  striking  of  floating  objects  must  also 
be  considered. 

6-2.  Antennas. — There  are  but  few  restrictions  on  the  types  of 
antennas  that  may  find  shipborne  applications.  Characteristics  are  sot 
according  to  the  intended  use  of  the  radar  equipment,  and  the.  pedestal 
is  then  tailored  to  meet  the  demands  of  the  antenna.  In  some  instances, 
concessions  can  be  made  in  the  interest  of  mechanical  simplification  of 
the  mount. 

One  example  is  the  antenna  mount1  shown  in  Figs.  54  and  5-5. 
Whereas  in  elevation  the  feed  and  reflector  are  usually  movable  as  a 
unit,  in  this  mount  only  the  reflector  is  tilted.  The  elevation  axis  passes 
through  the  vertex  of  the  paraboloidal  reflector,  thus  fixing  this  point 
with  respect  to  the  feed.  Two  advantages  are  realized  by  such  an 
arrangement.  (1)  No  rotary  r-f  joint  is  required  for  the  elevation  axis  and 
(2)  because  of  the  geometric  optics  of  the  system,  the  radiant  beam 
moves  through  approximately  twice  the  angular  movement  of  the  reflec- 
tor. There  is  a  consequent  saving  in  weight  and  space  through  the  elim- 
ination of  parts  and  the  lowering  of  power  requirements.  The  price 
paid  for  this  simplification  is  a  reduction  in  gain  of  the  antenna.  In 
the  instance  cited,  this  amounts  to  about  3  db  (50  per  cent)  for  beam 
deflections  of  30°,  but  the  loss  is  much  less  in  moderate  seas. 

The  major  limitation  imposed  on  the  antenna  design  for  nonstabilized 
mounts  is  that  the  vertical  beamwidth  must  be  at  least  10°  wide  at  the 
half-power  point.  This  is  the  lower  limit  if  the  beam  is  not  to  rise  above 
the  horizon  in  moderate  seas.  If  possible,  the  vertical  beamwidth  should 

1  df.  T.  J.  Kcary  and  J.  I.  Bohnert,  "Shipborne  Stabilized  Radar  Antenna  for 
Sea  Search,"  RL  Report  No.  659,  Mar.  7,  1945;  and  " Une-of-Sight  Stabilization  of  a 
Radar  Beam  by  Reflector  Tilt,"  RL  Report  No.  660,  Feb.  19,  1945. 
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be  not  less  than  15°.  Sometimes  this  may  be  difficult  to  achieve.  How- 
ever, the  problem  is  a  matter  of  electrical,  not  mechanical,  design.  In 
the  interest  of  high  gain  and  good  resolution  the  horizontal  beam  width  is 
usually  narrow. 

There  are  no  specific  limitations  on  the  type  of  reflector  structure. 
In  general,  however,  the  open-grating  type  (cf.  Sec.  2-7)  is  preferable  for 
shipborne  microwave  equipment  because  of  its  sturdiness  arid  low  wind 
resistance.  A  secondary  advantage  is  its  optical  semitransparency 
which  serves  to  reduce  blind  spots.  Specifications  for  most  search 
antennas  are  that  they  shall  be  operative  in  Avinds  up  to  60  knots,  i.e., 
about  70  mph,  and  that  they  shall  not  sustain  damage  in  winds  of  90-knot 
velocity. 

Location  of  the  reflector  or  reflectors  with  respect  to  the  axes  of  rota- 
tion is  determined  primarily  by  consideration  of  wind  loading,  as  discussed 
in  Sec.  2-13.  In  addition  to  this  requirement,  an  attempt  should  be 
made  to  maintain  the  center  of  gravity  of  the  rotating  parts  as  close  to 
the  axes  of  rotation  as  is  feasible.  Balancing  about  the  train  axis  is 
important  because  as  the  ship  rolls  and  pitches,  this  axis  assumes  a  non- 
vertical  position,  thus  forcing  the  power  drive  to  lift  any  unbalanced  loads 
against  the  force  of  gravity.  Failure  to  take  account  of  this  in  determin- 
ing power  requirements  resulted  in  serious  difficulties  in  early  designs. 

The  speed  at  which  the  antenna  rotates  is  set  by  operational  require- 
ments but  generally  will  not  exceed  24  rpm.  For  most  shipborne  search 
antennas  a  nominal  speed  of  6  rpm  is  maintained,  with  provision  for  varia- 
tions of  ±4  rpm  to  cancel  out  the  turning  of  the  ship  while  maneuvering 
so  as  to  hold  a  constant  rate  of  rotation  with  respect  to  the  surface  of  the 
earth. 

5-3.  Pedestals. — Of  the  various  types  of  pedestals  discussed  in 
Chap.  4,  only  five  have  been  generally  used  for  shipborne  service.  These 
are  the  one-axis,  the  two-axis  type  1,  the  three-axis  types  1  and  2,  and 
the  stable-base  pedestals.  In  each  case,  the  choice  has  been  determined 
on  the  basis  of  the  simplest  mechanical  arrangement  possible  for  adequate 
fulfillment  of  the  operational  requirements  of  the  particular  radar  system. 

Nonstabilized  or  single-axis  mounts  arc  intended  to  perform  simple 
search  functions  and  to  aid  in  navigation.  All  remarks  in  Sec.  3-2  are 
applicable  to  shipborne  units.  Nonstabilized  one-axis  shipborne  antenna 
mounts  normally  do  not  carry  r-f  equipment  and  hence  do  not  require 
slip  rings. 

Line-of-sight  stabilized  two-axis  antenna  mounts  for  surface  search 
perform  exactly  the  same  operational  functions  as  the  one-axis  type,  but 
with  increased  accuracy.  The  two-axis  type  1  pedestals  (Sec.  4-2),  in 
conjunction  with  complex  computers,  are  widely  used  with  radars 
designed  to  aid  in  the  control  and  direction  of  gunfire  and  arc  adequate 
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for  tracking  of  the  target.  The  two-axis  pedestal  is  a  good  compromise 
when  topside  weight  restrictions  prohibit  the  use  of  the  three-axis  mounts 
that  provide  full  stabilization  of  the  radar  beam. 

In  the  three-axis  stable-base  antenna  mount,  the  axis  about  which 
the  antenna  rotates  is  maintained  in  a  vertical  position  at  all  times.  The 
antenna,  with  its  associated  azimuth  drive  mechanism  and  data  take-off, 
surmounts  a  gimbal  system  that  allows  limited  rotation  about  each  of 
two  mutually  perpendicular  axes.  These  two  axes  are  known  as  the 
"roll"  axis  and  the  "pitch"  axis  and  may  or  may  not  lie  in  the  same  plane. 
The  axes  are  named  for  those  motions  of  the  ship  for  which  they  compen- 
sate in  maintaining  the  azimuth  axis  vertically.  The  roll  axis  is  always 
parallel  to  the  keel  of  the  ship,  and  the  pitch  axis  is  always  parallel  to 
the  surface  of  the  earth. 

Probably  the  worst  feature  of  the  stable-base  mount  is  its  top-heavi- 
ness. Even  though  the  weight  of  the  reflector  and  feed  is  small  com- 
pared with  that  of  the  azimuth  drive  mechanism  and  data  take-off,  the 
necessary  height  of  the  center  of  gravity  of  the  antenna  above  the  gimbal 
axes  makes  the  problem  difficult.  If  the  driving  mechanism  is  lowered 
in  an  attempt  to  achieve  equilibrium,  the  problem  of  clearances  immedi- 
ately becomes  acute.  From  the  standpoint  of  over-all  weight,  it  is  less 
expensive  to  keep  clearances  to  the  absolute  minimum  consistent  with 
operational  requirements  arid  to  increase  the  amount  of  power  available 
for  stabilization.  The  amount  of  total  unbalance  can  be  kept  small  for 
antenna  mounts  with  light  reflectors,  and  no  practical  difficulties  result, 
For  large  antenna  mounts  that  have  relatively  complex  reflector  and  feed 
arrangements  and  the  addition  of  r-f  components  on  the  stable  platform, 
the  limitations  of  the  stable-base  mount  become  more  apparent,  and 
employment  of  the  three-axis  type  1  pedestal  is  to  be  preferred.  There 
is  one  requirement,  however,  that  may  dictate  the  use  of  the  stable-base 
antenna  mount  despite  its  limitations.  This  mount  sets  no  inherent 
limitation  on  the  rate  of  rotation  of  the  antenna  about  the  azimuth  axis. 
Where  operations  require  high  azimuth  scanning  rates,  the  only  practica- 
ble solution  is  to  employ  a  stable-base  mount.  A  mount  of  the  type  in 
which  the  train  axis  is  surmounted  by  cross-level  and  elevation  axes  has, 
in  marine  use,  a  practical  upper  limit  of  rotation  about  the  train  axis  of 
about  9  rpm.  Beyond  this  point  the  high  accelerations  that  must  occur 
about  the  level  and  cross-level  axes  for  proper  stabilization  necessitate 
inordinately  large  and  heavy  power  drives.  Thus,  the  mount  also 
becomes  large  and  heavy  and  the  weight  advantage  reverts  to  the  stable- 
base  mount.  For  equivalent  systems,  fewer  slip  rings  will  be  required 
with  a  stable-base  design. 

It  should  be  noted  that  the  three-axis  type  1  mount  offers  the  lightest 
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construction  for  obtaining  complete  stabilization  as  well  as  permitting 
the  antenna  to  be  pointed  at  any  elevation  angle. 


DRIVING  MECHANISMS 


6-4.  Types  of  Driving  Mechanisms. — Several  methods  can  be  em- 
ployed to  drive  the  axes  of  a  shipborne  antenna  mount.     The  train  or 


Vui.  5-1.     Stable  platform  for  AN/TPS-10  mount. 

azimuth  axis  is  almost  invariably  driven  directly  by  an  electric  or  hydrau- 
lic motor  through  a  gear  reduction.  Similar  direct-geared  drive  is  also 
common  on  other  axes  of  a  pedestal.  A  motor-driven  bell  crank  may  be 
used  to  actuate  the  elevation  axis  of  a  two-axis  mount. 

The  roll  and  pitch  axes  of  a  stable-base  pedestal  can  be  driven  by  (1) 
direct  gearing  from  an  electric  or  hydraulic  motor,  (2)  electric  motors 
driving  lead  screws,  (3)  crank-actuated  push  rods,  and  (4)  hydraulic 
pistons.  If  hydraulic  pistons  or  motors  are  used,  an  electric  motor  must 
be  used  to  drive  a  high-prossuro  pump  supplying  the  hydraulic  drives. 

The  use  of  screws  as  actuating  elements  for  the  stabilizing  axes  has 
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been  generally  unsatisfactory,  owing  to  their  low  efficiency  of  power  trans- 
mission and  the  resulting  heavy  weight  of  such  an  installation. 

In  limited  instances,  crank-actuated  push  rods  can  be  used  advan- 
tageously to  effect  a  lower  center  of  gravity  than  can  be  had  with  direct 
gearing  of  motors  to  the  stabilizing  axes;  the  over-all  arrangement,  how- 
ever, may  require  more  space.  Cranks  have  one  merit  in  that  the 
movements  of  the  driven  portions  of  the  antenna  mount  are  automatically 
limited  by  the  throw  of  the  crank.  Thus,  limit  switches  and  mechanical 
stops  can  be  eliminated.  The  disadvantage  in  cranks  or  push  rods  lies 
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Fro.  5-2.-— Hydraulic  piston  arrangement*. 

in  their  exposed  position  that  makes  them  more  susceptible  to  accidental 
damage  than  an  enclosed  directly  geared  drive. 

The  use  of  hydraulic  pistons  is  shown  in  Fig.  5-1,  illustrating  the  con- 
struction of  a  gyroscope-controlled  stable  platform  maintaining  a  hori- 
zontal plane  on  a  ship.  A  single  2-hp  motor  with  a  double-end  shaft, 
drives  two  servo-controlled  hydraulic  transmissions  (Vickcrs  #16801): 
one  for  the  roll  and  one  for  the  pitch  axis  of  the  platform.  Each  variable 
displacement  pump  of  the  hydraulic  transmissions  is  connected  by  means 
of  flexible  tubing  to  two  single-acting  pistons  on  each  axis.  By  reversal 
of  the  oil  flow  through  the  pump,  oil  is  transferred  from  one  piston  into 
the  other,  thus  retracting  the  first  piston  and  extending  the  second. 
Replenishing  gear  pumps,  driven  directly  by  the  drive  motor,  keep  the 
servo  valves  under  pressure  and  replenish  the  outputs  of  the  system. 
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Synchro  data  take-offs  located  at  the  roll  and  pitch  axes  of  the  platform 
provide  the  controls  for  the  servo  valves. 

Because  of  their  availability,  two  pistons  as  shown  in  Fig.  5-2a  have 
been  used  on  each  axis,  connected  as  in  the  diagram.  Since  the  total 
volume  of  oil  in  the  two  pistons  varies  because  of  unequal  travel  of  the 
push  rods  at  various  pitch  and  roll  angles,  such  a  servo  system  may  cause 
difficulties.  It  will  operate  properly  only  when  the  rate  of  change  of 
the  volume  of  oil  in  the  servo  loop  is  smaller  than  the  leakage  in  the  servo 
pump.  Otherwise,  failure  may  occur  because  of  excessively  high  pres- 
sures that  may  build  up  in  the  system.  Such  a  system  cannot  therefore 
be  recommended  as  being  too  practical. 

To  counteract  this  deficiency,  either  one  or  two  double-acting  pistons 
of  the  type  shown  in  Fig.  5-26  should  be  used  for  each  pitch  and  roll  axis, 
connected  as  shown  in  the  diagram.  It  should  be  noted  that  the  active 
areas  of  both  faces  of  each  piston  are  made  equal.  Finned  connections 
may  be  used  at  each  end  of  all  pistons  if  the  roll  pistons  are  fastened  to 
the  deck  and  the  pitch  pistons  are  fastened  to  members  forming  the  roll 
axis,  as  in  Fig.  5-1.  When  the  platform  is  so  constructed,  there  will  be 
no  interaction  between  the  roll  and  pitch  pistons  as  the  dec.k  changes  its 
inclination.  If  it  is  desired  to  connect  both  the  roll  and  pitch  pistons  to 
the  deck,  the  roll  pistons  may  be  pinned  at, both  ends,  but  universal  or 
swivel-joint  connections  must  be  employed  at  the  ends  of  the  pitch  pis- 
tons. A  change  of  angula  •  position  of  one  axis  in  such  a  system  will 
affect  the  displacement  of  the  pistons  on  the  other  axis.  The  servo  pump 
will  automatically  permit  this  readjustment  when  one  set  of  pistons  has 
three  degrees  of  freedom  of  motion. 

6-6.  Motor-drive  Selection. — Selecting  the  type  of  drive  to  be  em- 
ployed in  any  given  antenna-mount  design  requires  analysis  of  several 
factors.  No  inflexible  specifications  can  be  made  for  all  contingencies. 
Each  individual  design  necessitates  separate  study  of  the  relative  influ- 
ence of  the  following  interrelated  items:  (1)  the  intended  operational 
function  of  the  radar  system,  (2)  the  characteristics  and  limitations  of  the 
radar  set  as  a  whole,  (3)  the  type  or  types  of  vessels  for  which  the  instal- 
lation is  contemplated,  (4)  the  degree  of  stabilization  necessary,  (5)  the 
weight  allowances,  (6)  the  type  of  servo  control  desired,  (7)  the  physical 
sizes  of  available  motors,  (8)  maintainance,  and  (9)  the  type  of  power 
available. 

For  example,  for  the  stable-base  mount,  shown  in  Fig.  5-6,  complete 
stabilization  was  desired  but  weight  restrictions  were  severe.  A  hydrau- 
lic motor  drive  was  selected  for  the  stabilizing  axes.  The  weight  of  the 
complete  hydraulic  installation  at  the  mount  was  about  the  same  as  if 
two  electric  motors  had  been  used  to  drive  the  axes  directly.  However, 
the  very  small  physical  size  of  the  hydraulic  motors,  compared  with  an 
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equivalent  electrical  installation,  resulted  in  a  considerable  over-all 
reduction  of  weight  by  permitting  the  use  of  a  more  compact  gimbal,  On 
the  other  hand,  a  three-axis  type  1  pedestal  (cf.  Sec.  4-4)  might  not  have 
benefited  so  much  from  the  use  of  a  hydraulic  drive,  since  the  pump  unit 
could  not  be  so  conveniently  housed  on  the  cross-level  axis. 

Basic  over-all  power  requirements  are  generally  determined  by  the 
wind  loading  and  the  maximum  accelerations  that  the  mount  will  be 
required  to  attain.  As  a  rule,  wind  loading  will  be  the  major  determining 
factor  for  the  roll,  pitch,  and  train  axes;  the  required  accelerations  are 
more  important  for  level  or  cross-level  axes.  When  the  maximum  speed 
at  which  the  antenna  must  operate  and  the  torque  loads  to  which  it  will 
be  subject  are  known,  the  horsepower  of  the  driving  motor  can  be  deter- 
mined. The  loss  of  power  within  the  gear  train  and  from  oil-seal  friction 
must  be  allowed  for.  If  the  axes  of  an  antenna  mount  arc  to  be  driven 
by  servomotors,  it  may  be  noted  that  for  most  mounts  the  inertia  (referred 
to  the  motor  shaft)  of  the  driven  equipment  is  small  when  compared  with 
the  inertia  of  the  motor  itself.  For  practical  design  purposes,  the  inertia 
of  small  antennas  can  usually  be  neglected. 

6-6.  Gearing  and  Related  Items. — Requirements  for  operational  life 
of  shipborne  antenna  mounts  intended  for  search  service  are  severe.  The 
unit  must  be  capable  of  continuous  operation  over  long  intervals  of  time; 
for  naval  service  a  normal  life  expectancy  of  5  years  is  assumed.  Allow- 
ing for  some  periods  of  stand-by,  such  as  when  the  ship  is  in  port,  an 
estimated  figure  of  8000  hr  per  year  is  used  as  a  basic  design  parameter. 
Gear  dimensions  and  bearings  must  be  selected  on  this  basis. 

Design  of  gears  for  the  power  drives  is  based  upon  wear  and  upon  the 
stalling  torque  of  the  motor.  Stalling  torque  is  generally  assumed  to  be 
four  or  five  times  the  normal  rated  motor  torque.  If  a  hydraulic  drive  is 
used,  relief  valves  serve  to  limit  the  maximum  torque.  Most  gear 
reductions  employed  in  antenna  mounts  require  three  to  five  stages  of 
spur  gearing.  Designing  for  strength  is  the  controlling  factor  only  in  the 
final  stages;  in  initial  stages  gear  proportions  are  determined  entirely  by 
consideration  of  wear. 

Because  the  great  majority  of  marine  antenna  power  drives  are  servo- 
controlled,  the  reduction  of  backlash  is  imperative.  This  means  that  the 
gears  must  be  accurately  cut  and  of  high  quality.  Over-all  backlash  of  6' 
is  considered  a  reasonable  requirement  for  most  gear  trains  employed  in 
antenna-mount  power  drives;  however,  backlash  of  as  much  as  15'  is 
permissible  in  some  cases. 

Worm  gearing  should  not  be  used  in  shipborne  antenna-mount 
drives  mainly  because  of  its  inherent  shortcomings  when  subjected  to 
servo  control  involving  frequent  and  rapid  reversals.  The  planetary 
type  of  gear  reduction  has  had  very  limited  use  because  of  low  efficiency 
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and  the  difficulties  of  proper  manufacture.  For  general  all-around 
reliability  and  ruggediiess,  the  simple  spur  train  is  the  most  commendable. 
Also,  the  physical  size  of  motors  and  the  necessity  for  providing  room  close 
to  the  driving  spindle  for  slip  rings  or  other  equipment  often  favor 
employment  of  a  spur  train  to  bridge  the  distance  between  the  motor  and 
output  shafts. 

Compactness  of  spur  gearing  can  be  achieved  by  cutting  the  gears  in 
clusters  and  stacking  them  on  shafts.  Integral  gears  and  shafts  will 
also  conserve  space.  For  idling  clusters,  the  use  of  a  ball  bearing  at  the 
larger  end,  combined  with  a  needle  bearing  at  the  pinion  end,  will  result 
in  a  design  tha':  is  even  more  compact.  When  needle  bearings  arc  used, 
they  should  be  of  the  precision  type.  Close  tolerances  must  be  main- 
tained in  their  assembly,  or  the  duster  will  rock  on  the  shaft  and  load  up 
the  ends  of  the  needles,  causing  them  to  twist  in  their  cases  and  become 
jammed.  For  maximum  space-saving,  hardened  and  ground  shafts 
should  be  employed  to  act  as  inner  races  for  the  needle  bearings.  If 
these  simple  precautions  are  observed,  a  reliable  and  satisfactory  mechan- 
ism will  result  without  undue  manufacturing  difficulties. 

Fits  of  splines  and  keys  holding  gears  and  shafts  together  must  be 
held  to  tolerances  as  close  as  practicable  without  requiring  too  difficult  an 
assembly  job.  A  key  or  spline  that  is  loose  will  rapidly  get  worse  under 
conditions  of  servo  operation. 

The  use  of  sted  gears  in  aluminum  gear  boxes  is  entirely  feasible  when 
the  gear  boxes  are  small.  Gears  having  pitch  diameters  over  8  in. 
should  be  made  of  high  strength  bronze  in  order  to  minimize  changes  in 
backlash  due  to  differential  thermal  expansion  of  the  aluminum  case  and 
the  gears.  Specifications  generally  call  for  equipment  to  be  operated 
from  —40°  to  +  6()°C.  If,  to  prevent  interference,  the  minimum  allow- 
able backlash  at  —  40°C  is  taken  as  0.0005  in.,  the  backlash  of  the  design 
in  inches  at  +20°C  (68°F)  for  gears  of  10  to  20  diametral  pitch  can  be 
assumed  as  equal  to  0.0005  in.  plus  one-half  of  the  net  change  in  center 
distance  due  to  a  temperature  differential  of  60°C.  This  amounts  to 
backlash  of  approximately  2'  per  stage  for  steel  gears  in  aluminum  cases 
if  center  distances  are  between  3  and  6  in.  For  practical  purposes,  a 
maximum  over-all  backlash  of  2.5'  per  stage  for  three-  to  five-stage 
trains  may  be  assumed  in  allowing  for  temperature  effects. 

Aluminum  is  impractical  for  large  gear  boxes.  Not  only  is  thermal 
expansion  a  factor,  but  lack  of  rigidity  in  the  aluminum  box  permits  dis- 
tortions that  impair  proper  functioning  of  the  gear  train.  Fabricated 
steel  construction  will  weigh  less  than  cast  steol  and  has  proved  very 
satisfactory  for  large  gear  boxes  when  properly  designed.  A  feature  that 
is  at  times  incorporated  in  large  gear  boxes  is  a  bridge-type  mounting  of 
certain  gears  in  the  train,  which  allows  adjustments  to  be  effected  in  the 
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final  assembly.  This  type  of  construction  permits  wider  manufacturing 
tolerances  while  still  fulfilling  backlash  requirements.  For  small  gear 
boxes  whose  center  distances  normally  do  not  exceed  6  or  8  in.,  accurate 
jig  boring  can  be  done  without  great  difficulty;  the  adjustable  feature  is 
not  needed.  It  may  be  utilized  if  desired  but  introduces  unnecessary 
weight.  Although  not  always  possible,  it  is  highly  desirable  to  avoid 
blind  assemblies.  Inspection  plates  in  gear  boxes  are  of  great  assistance 
in  the  initial  assembly  and  in  trouble  shooting. 

The  principal  requirement  of  lubricants  for  shipborne  antenna 
mounts  is  that  they  perform  satisfactorily  over  a  reasonably  wide  range 
of  temperatures.  Naval  specifications  usually  indicate  —40°  to  -H60°C, 
although  for  many  purposes  —  20°C  would  be  a  satisfactory  lower  limit. 
Oil  equivalent  to  SAE  10  or  20  and  a  low-temperature  grease  such  as 
Beacon  M-285  should  serve  for  almost  all  shipborne  antenna  mounts. 

Large  gear  boxes  require  a  sump  with  a  small  cam-driven  pump  of 
the  plunger  type,  which  distributes  the  oil  through  copper  tubing  to 
strategic  points.  Small  gear  boxes  sometimes  use  this  arrangement  to 
minimize  the  head  of  oil  over  shaft  seals,  but  splash  lubrication  is  gener- 
ally adequate.  Oil  leakage,  a  nuisance  in  general,  has  to  bo  particularly 
guarded  against  in  antenna  mounts.  In  a  radar  system  the  whole 
operational  performance  can  be  seriously  reduced  because  oil  from  gear 
boxes  has  leaked  into  the  r-f  waveguide  or  rotary  joints  or  has  fouled  up 
slip  rings,  commutators,  etc. 

Truly  effective  sealing  of  rotating  shafts  against  leakage  of  oil  is 
difficult  to  accomplish  practicably.  Seals  of  the  Oarlock  Klozure  type 
are  generally  used  but  are  seldom  100  per  cent  effective.  At  the  bottom 
of  vertical  spindles,  seals  should  be  of  the  tandem  type  if  space  will 
permit.  In  the  pedestal  shown  in  Fig.  5-3  the  motor  is  side-mounted  and 
the  main  spindle  enclosed  in  a  well  capped  with  a  flinger,  thus  preventing 
the  oil  from  getting  to  the  lower  main  spindle  bearing.  Since  main 
spindles  rotate  at  low  speed,  the  initial  lubrication  of  the  ball  bearings  is 
generally  sufficient  for  the  life  of  the  unit.  Seals,  of  course,  are  still 
necessary  for  the  retention  of  this  lubricant  and  exclusion  of  dirt  and 
moisture. 

Whether  the  motor  is  located  on  the  top,  bottom,  or  sides  of  the  gear 
box  will  depend  upon  the  design  peculiarities  of  the  mount  under  con- 
sideration. Whenever  possible,  however,  the  motor  should  be  located 
on  top  of  the  gear  box.  The  next  choice  is  on  the  side ;  bottom  mountings 
are  the  least  desirable.  This  also  applies  to  the  location  of  the  synchros. 
When  motors  must  be  mounted  underneath  the  gear  box,  a  flinger  should 
be  used  above  the  motor  shaft  seal  arid  the  oil  level  should  be  kept  below 
the  seal  when  possible.  A  source  of  much  trouble  with  leakage  past  oil 
seals  is  found  in  careless  or  ignorant  handling  of  the  seals  during  initial 
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assembly  or  removal  and  replacement  of  parts.  The  smallest  nick  in  the 
sealing  lip  will  make  the  seal  ineffective.  Hence,  seals  should  never  be 
installed  without  proper  tools. 

6-7.  Power  Distribution  and  Data  Transmission.— Whenever  electri- 
cal components  are  mounted  behind  the  reflector,  or  whenever  a  pedestal 
has  more  than  one  axis  of  rotation,  provision  must  be  made  for  power  dis- 
tribution and  data  transmission  between  parts  having  relative  motion. 
This  is  normally  accomplished  by  the  use  of  slip  rings,  flexible  (tables, 
rotary  r-f  joints,  and,  for  hydraulic,  installations,  flexible  tubing.  These 
are  common  expedients  and  do  not  differ  from  those  disciissed  in  Sec.  3-2. 

With  remotely  located  transmitters  it  is  necessary,  in  the  present 
state  of  development,  to  provide  a  rotary  r-f  joint  for  each  axis  of  the 
mount.  A  piece  of  flexible  waveguide  would  suffice  at  the  stabilizing 
axes,  but  a  waveguide  of  this  type  that  will  give  entirely  satisfactory 
service  under  conditions  of  continued  flexing  over  long  periods  of  time  has 
not  yet  been  developed. 

The  rotary  r-f  joint  has  considerable  influence  on  the  mechanical 
design  of  antenna  mounts.  Not  only  do  the  size  and  style  have  much  to 
do  with  determining  the  physical  dimensions  of  the  pedestal,  but  the 
tolerances  that  must  be  maintained  in  the  assembly  of  the  parts  will 
markedly  affect  the  rest  of  the  mount  design.  It  is;  therefore,  of  the 
utmost  importance  that  the  electrical  designer  and  the  mechanical 
designer  have  a  mutual  appreciation  of  their  problems.  Since  the 
rotary  r-f  joint  is  an  essential  but  sometimes  temperamental  part  of 
the  radar  equipment,  the  design  of  its  installation  should  be  such  as  to 
permit  easy  removal  and  replacement.  Savings  brought  about  by 
improved  design  in  rotary  joints  can  be  measured  directly  in  terms  of 
weight  reduction  and  simplification  of  maintenance  problems.  The 
"mode  absorber"  waveguide  rotary  r-f  joint1  probably  affords  greater 
freedom  in  mount  design  than  does  any  other  joint,  because  it  can  be 
made  in  any  arbitrary  length  and  still  give  low  standing-wave  voltage 
ratios  over  a  broad  frequency  band.  Satisfactory  joints  up  to  4  ft  long 
have  been  built  for  the  3-cm  band.  This  feature  is  especially  helpful  in 
designing  a  train  axis  that  has  a  long  torque  tube. 

In  marine  practice,  the  data-transmission  devices  for  indicating 
angular  position  of  the  antenna  differ  in  no  respect  from  those  already 
described  in  Sec.  3-2  for  ground  radar  systems. 

6-8.  Corrosion,  Thermal  Effects,  etc. — Shipborne  antenna  mounts 
are  subject  to  severe  weather  conditions  because  of  their  exposed  loca- 
tion. Their  relative  inaccessibility  sometimes  results  in  their  being 
neglected  by  maintainance  crews.  Corrosion  is  bad  for  any  equipment, 

1  Discussion  of  this  type  of  rotary  joint  is  found  in  Sec.  7-14  of  Microwave  Trans- 
mission Circuits,  Vol.  9  of  this  aeries. 
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but  with  radar  gear  even  slight  fouling  of  small  parts  may  be  sufficient  to 
impair  the  efficient  performance  of  the  entire  set.  Corrosion  may  arise 
from  stack  gases,  salt  spray,  or  electrolysis  between  dissimilar  metals 
that  are  in  contact.  Condensation  of  moisture  from  the  air  inside 
the  various  pedestal  enclosures  is  another  common  source  of  trouble. 
Because  of  the  differences  in  heat  capacity,  steel  parts  within  aluminum 
housings  are  especially  likely  to  collect  moisture,  even  though  the  ambient 
temperature  change  is  only  a  few  degrees.  Entrance  of  rain  water  must 
be  prevented  by  well-designed  gaskoting  of  all  covers.  Emergent  shafts 
must  also  have  proper  seals  to  exclude  dirt  and  moisture.  Sealing  ele- 
ments should  be  of  neoprene  or  other  material  that  will  not  deteriorate 
under  exposure  to  sunlight,  oil,  and  temperature  extremes. 

Precautionary  measures  are  simple  but  must  be  adhered  to  carefully. 
It  is  customary  to  provide  pedestal  compartments  with  thermostatically 
controlled  heating  coils.  This  will  prevent  condensation.  All  aluminum 
parts  should  be  anodized,  primed  with  one  coat  of  zinc  chromatc,  and 
finished  with  two  coats  of  enamel  paint.  Interiors  of  aluminum  gear 
boxes  should  receive  one  coat  of  Glyptal  after  anodizing.  The  liberal 
use  of  stainless  steel  is  advised,  expecially  where  parts  are  in  rubbing 
contact.  Adjacent  parts  made  of  dissimilar  metals  may  corrode  unless 
painted  or  plated  or  separated  by  a  nonabsorbent  gasket.  Zinc  plating 
is  preferable  to  cadmium  plating  because  it  has  less  tendency  to  flake. 
Plated  parts  should  not  be  used  inside  gear  boxes  or  other  places  where 
flakes  could  cause  damage. 

Protection  of  the  inner  surfaces  of  brass  waveguide  and  rotary  joints 
is  vital.  Silver  plating  has  been  used  extensively  in  the  past  few  years 
but  is  being  replaced  for  general  use  by  the  patented  Ebonol, l  which  is  a 
strongly  oxidizing  alkaline  bath.  It  produces  a  finely  etched  black  oxide 
surface  that  readily  takes  an  external  coat  of  paint. 

CHARACTERISTICS  OF  SPECIFIC  MOUNTS 

The  following  descriptions  of  several  shipborne  antenna  mounts 
designed  to  serve  specific  radar  functions  are  included  to  indicate  the 
diversity  of  form  that  the  mounts  may  take.  Some  references  to  these 
mounts  have  been  made  throughout  this  text;  main  design  and  structural 
characteristics  are  presented  here  for  convenience  in  tabular  form. 

6-9.  Photographs  and  Tables,  a.  Experimental  1-cra  Antenna  Mount. 
The  antenna  mount  shown  in  Fig.  5-3  is  a  nonstabilized  one-axis  mount  for 
high-resolution  search  radars  in  the  1-cm  band.  In  order  to  reduce  the 
length  of  the  transmission  line  the  pedestal  is  bolted  directly  on  top  of  the 
r-f  package. 

1  Enthane  Co.,  Waterbury,  Conn. 
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The  design  and  structural  characteristics  of  this  mount  are  as  follows ; 

Service:  shipborne  surface  search. 

Type:  one-axis,  nonstabilized  (cf.  Sec.  4-1). 

Total  weight:  75  Ib. 

Over-all  dimensions:  diameter  of  sweep  circle,  60.0  in.;  height,  23.5 

in. 

Wind-load  requirements:  operational,  60  knots;  structural,  90  knots. 
Temperature  requirements:  to  operate  between  —20°  and  50°C. 


FIG.  5-3. — Antenna  mount  and  r-f  components  of  experimental  1-cm  system. 
Sylvania  Electrical  Products,  Inc.,  Boston.) 


(Courtesy  of 


Transmitting  and  receiving  equipment:  1-cm  band,  adjacent  to  and 
directly  beneath  the  antenna  mount. 

Train  Axis: 

Drive:  iVhp  3600-rpm  115-volt  d-c  shunt  motor. 

Control:  size  5  synchro  generator  at  1-speed. 

Optional  arrangements:  size  6  synchro  generator  at  1-speed  or  size 

5  synchro  generator  at  1-speed  and  size  5  synchro  generator  at 

36-speed. 

Gear  reduction:  589/1  through  5  stages. 
Allowable  backlash:  motor  to  1-speed  synchro,  12'  at  1-speed;  motor 

to  torque  tube,  1 2'  at  torque  tube. 
Stowing  pin:  none. 
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Antenna: 

Feed :  flared  horn  feeding  half -parabolic  pillbox. 

Reflector:  parabolic  cylinder,  solid  surface,  58  X  7-J-  X  14.5  in.  focal 

distance. 

Gain  (abs):  36.5  db. 

//-plane  half-power  width  of  beam:  10.3°. 

#-plane  half-power  width  of  beam:  0.7°. 

Polarization :  horizontal. 

Projected  area:  2.92  ft2. 

Weight:  12  Ib. 


FIG.  5-4. — Line-of-sight  stabilized  fiiitfiinn  mount. 

6.  Experimental  Line-of-sight  Antenna  Mount. — The  two-axis  line-of- 
sight  antenna  system  (Figs.  5-4  and  5-5)  was  designed  for  the  3-cm  band  to 
fill  the  need  for  a  lightweight  shipborne  radar  that  would  provide  stabiliza- 
tion adequate  for  surface  search.  When  the  beam  is  being  stabilized  on 
the  horizon,  only  the  antenna  reflector  is  rotated  about  the  elevation  axis. 
The  horn  feed  remains  in  fixed  relation  to  the  pedestal  with  the  advantage, 
as  stated  in  Sec.  5-2,  that  a  smaller  servomotor  can  be  used  and  a  rotary 
r-f  joint  at  the  elevation  axis  of  the  mount  is  eliminated. 

When  a  size  6  Synchro  generator  is  used  for  data  take-off,  increased 
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size  of  the  pedestal  is  required  to  house  the  larger  synchro.  This  increase 
wid  provisions  for  captive  screws  at  the  access  covers  would  increase  the 
total  weight  of  the  antenna  mount  to  185  Ib. 


FIG.  5-5. — Antenna  mount  of  Fitf  5-4  \vitb  roveis  it-moved  to  show  elevation  drive  synchros 

and  .slip  rings. 

The  characteristics  of  the  experimental  antenna  mount  are 

Service:  shi phonic  surface  search. 

Type:  two-axis,  type  1,  stabilized  (cf.  Sec.  4-2). 

Total  weight:  151  Ib. 

Over-all  dimensions:  diameter  of  sweep  circle,  66.0  in.;  height  43.5  in. 
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Wind-load  requirements:  operational,  60  knots;  structural,  90  knots. 
Roll  requirements: 

Period  of  complete  cycle:  6  sec. 

Maximum  angular  displacement  of  radiant  beam:  30°. 
Pitch  requirements: 

Period  of  complete  cycle:  4  sec. 

Maximum  angular  displacement  of  radiant  beam:  10°. 
Azimuth  scan  rate  (maximum) :  10  rpm. 
Maximum  angular  velocity  in  elevation:  0.73  rad/sec. 
Maximum  angular  acceleration  in  elevation:  0.74  rad/sec2. 

-o   , .       beam  tilt      .  _0 

Ratio  —a — - — 7^7  :  1.78 

reflector  tilt 

Temperature  requirements :  to  operate  between  —20°  and  +  60°C. 
Transmitting  and  receiving  equipment:  3-cm  band,  below  deck. 

Train  Axis: 

Drive:  i-hp,  1725-rpm,  d-c  250-volt  armature,  125-volt  field  Ampli- 

dyne-controlled  motor.1 

Control:  size  5  synchro  generator  at  1 -speed. 
Gear  reduction:  139/1  through  4  stages. 
Backlash:  motor  to  1-speed  synchro,  10'  at  1-spp.ed;  motor  to  torque 

tube,  10;  at  torque  tube. 
Stowing  pin:  none. 

Elevation  Axis: 

Drive:  ^fr-hp  120-volt  4000-rpm  split-field  d-c  motor. 

Control:  size  1  synchro  generator  at  2-speed. 

Gear  reduction:  1020/1  through  5  stages. 

Allowable  backlash:  motor  to  2-speed  synchro,  8'  at  2-speed;  motor  to 
elevation  shaft,  8'  at  elevation  shaft. 

Stowing  pin :  to  withstand  400  per  cent  of  rated  motor  torque. 

Stops:  electrical  limit  stops  set  at  ±17°  reflector  tilt,  ±30°  beam 
tilt.  Mechanical  limit  stops  to  halt  motion  in  the  interval  ±17^° 
to  ±20°  reflector  tilt,  with  the  electrical  limit  stops  inoperative. 

A  ntenna: 

Feed:  flared  horn. 

Reflector:  slatted  paraboloid,  54  X  24  X  14.5  in.  focal  distance. 

Absolute  gain:  36  db. 

//-plane  half-power  width  of  beam:  3.7°. 

Z?-plane  half-power  width  of  beam:  1.8°. 

Polarization:  horizontal. 

Projected  area:  7.69  ft2. 

Weight:  18  Ib. 
1  General  Electric  Co. 
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c.  Experimental  Stable-base  Antenna  Mount. — This  stable-base  antenna 
mount  (Figs.  5-6  and  5-7)  for  surface  search  radar  in  the  3-cm  band 
provides  full  stabilization  of  the  beam  without  any  computers  in  the 
servo-loop  system.  Hydraulic  drive,  mounted  inside  the  aluminum  yoke 
casting,  is  used  to  actuate  the  roll  and  pitch  axes  of  the  mount  for  reasons 
outlined  in  Sec.  5-5.  It  is  interesting  to  note  that  although  the  difference 
in  weight  of  the  reflectors  of  the  two-axis,  type  1  antenna  mount  (Soc. 


^in,/^^?!^  l$ffl$  tjtjij^; 


FIG.  5-6. — Stable-base  unii-uu.,  mount. 

5-96)  and  the  reflector  of  the  three-axis  stable-base1  antenna  mount 
(described  in  this  section)  is  only  12  Ib,  the  latter  design  is  more  than 
twice  as  heavy  as  the  former.  It  would  not  be  economical  to  use  a  smaller 
reflector  on  the  stable-base  mount,  since  the  size  of  the  pedestal  could 
not  be  reduced  any  further  and  still  provide  for  the  specified  limits  of 
stabilization. 

The  characteristics  of  the  3-cm  stable-base  mount  are 

Service:  shipborne  surface  search. 

Type:  three-axis  stable  base  (c/.  Sec.  4-6). 

Total  weight:  440  Ib. 

Over-all  dimensions:  diameter  of  sweep  circle,  108  in. ;  height,  65  in. 
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Wind-load  requirements:  operational,  60  knots;  structural,  90  knots. 
Roll  requirements: 

Period  of  complete  cycle:  0  sec. 

Maximum  angular  displacement:  30°. 

Maximum  angular  velocity  (sinusoidal  motion):  0.55  rad/sec. 


Fiu.  5-7. — Stable-base  antenna  mount  showing  waveguide. 

Pitch  requirements : 

Period  of  complete  cycle:  4  sec. 

Maximum  angular  displacement:  10°. 

Maximum  angular  velocity  (sinusoidal  motion) :  0.28  rad/sec. 
Temperature  requirements:  to  opeiate  between  —40°  and  +60°r. 
Transmitting  and  receiving  equipment:  3-cm  band,  below  deck. 

Azimuth  Axis: 

Drive:  J-hp  1725-rpm  d-c  250-volt  armature,  125-volt  field  Ampli- 

dyne-controlled  motor. 
Control:  size  5  synchro  generator  at  1-speed;  size  5  synchro  generator 

at  36-speed. 
Gear  reduction:  143/1  through  3  stages. 
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Allowable  backlash:  motor  to  1-speed  synchro,  8'  at  1-speed;  motor  to 
36-speed  synchro,  8'  at  36-speed;  motor  to  torque  tube,  6'  at  torque 
tube. 

Stowing  pin:  none. 

Roll  Axis: 

Drive:  Vickers  MF  7-7L3-30  hydraulic  motor.  Maximum  speed 
1300  rpm  when  driven  by  Vickers  AA-16850-E  pump.  Pump  is  a 
double  unit  supplying  both  roll  and  pitch  motors.  Pump  is  driven 
at  1650  rpm  by  a  115-volt  60-cycle  3-phase  3450-rpm  Diehl  electric 
motor  rated  J  hp  for  0.9  time  and  1  hp  for  0.1  time. 

Control:  size  1  synchro  generator  at  2-speed. 

Gear  reduction:  247/1  through  3  stages. 

Allowable  backlash:  motor  to  2-speed  synchro,  8'  at  2-speed;  motor  to 
roll  shaft,  6'  at  roll  shaft. 

Stowing  pin:  to  withstand  loads  from  simultaneous  torques  of  4500 
in-lb  at  each  of  roll  and  pitch  output  shafts.  Same  pin  used  to 
stow  both  roll  and  pitch  axes. 

Stops:  electrical  stowing  switches  set  at  ±31°;  electrical  power  cutoff 
switches  to  operate  at  ±32°  if  stowing  switches  fail.  Mechanical 
limit  stops  to  halt  motion  in  the  interval  ±32°  to  ±35°. 

Pitch  Axis: 

Drive:  same  as  for  roll  axis. 
Control:  same  as  for  roll  axis. 
Gear  reduction:  493/1  through  4  stages. 
Allowable  backlash:  same  as  for  roll  axis. 
Stowing  pin:  see  Roll  Axis. 

Stops:  same  as  for  roll  axis,  except  limits  are  ±11°,  ±12°,  ±12°  to 
+ 15°,  respectively. 

Antenna: 

Feed:  flared  horn. 

Reflector:  slatted  paraboloid,  78  X  30  X  21.6  in.  focal  distance. 

Absolute  gain:  39.4  db. 

//-plane  half-power  width  of  beam:  2.7°. 

#-plane  half-power  width  of  beam:  1.2°. 

Polarization:  horizontal. 

Projected  area:  13.24  ft2. 

Weight:  30  Ib. 

d.  Experimental  10-cm  Antenna  Mount. — The  fully  stabilized  10-cm 
antenna  mount  (Figs.  5-8  and  5-9)  is  of  the  three-axis  type  and  carries  two 


150 


SHIP  ANTENNA  MOUNTS 


[SEC.  5-9 


antennas.  The  radar  set  is  designed  to  secure  continuous  information 
of  the  azimuth  position,  the  range,  and  the  height  of  all  targets  within  a 
50-  to  100-mile  radius  at  elevations  up  to  30,000  ft. 

Height-finding  is  accomplished  by  electrical  scanning  at  600  cps  by 
the  use  of  the  Robinson  scanning  feed  described  in  Sec.  2-15.  The  feed 
illuminates  the  astigmatic  reflector  described  in  Sec.  2-9.  With  azimuth 


FIG.  5-8. — Combined  search  and  height-finding  equipment. 

rotation  at  4  rpm  and  a  pulse  repetition  rate  of  approximately  1200  cps, 
airplane  targets  are  viewed  at  ranges  up  to  50  miles ;  for  targets  at  ranges 
in  excess  of  50  miles,  the  pulse  repetition  rate  is  lowered  to  approximately 
400  cps  and  the  rate  of  azimuth  rotation  is  dropped  to  2  rpm.  This 
arrangement  permits  the  height-finding  sweep  to  secure  an  average  of  10 
pulse  reflections  as  the  electrical  scanning  beam  sweeps  past  a  target. 
Search  information  is  secured  from  a  fan  beam  narrow  in  azimuth  and 
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wide  in  vertical  pattern.     A  triple  horn  feed  operating  in  the  10-cm  band 
illuminates  a  14-  by  5-ft  reflector. 

The  r-f  transmitting  and  receiving  equipment  is  located  on  the  stabi- 
lized platform  of  the  antenna  mount.     These  components  have  been 


FIG.  5-9. — Antenna  mount  of  combined  search  and  height-finding  equipment. 

housed  in  an  aluminum  "igloo,"  with  a  ladder  and  an  access  door  pro- 
vided to  permit  easy  access  to  the  equipment  for  the  periodic  tuning  and 
inspection  required  for  peak  efficiency  and  to  permit  adjustment  of  the 
receivers  while  the  set  is  in  operation.  Sufficient  space  is  provided  inside 
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the  igloo  to  allow  the  operator  to  make  all  adjustments  from  a  comfortable 
sitting  position. 

Height-finding  requirements  demand  that  stabilization  of  the  antenna 
be  extremely  accurate.  The  motors  on  all  axes  are  controlled  by  servo- 
mechanisms  from  data  transmitted  by  1-  and  36-speed  synchros  on  the 
train  axis  and  2-  and  36-speed  synchros  on  the  level  and  cross-level  axes. 
All  gearing  is  cut  with  great  accuracy  and  set  up  with  a  minimum  of 
backlash. 

The  weight  limitations  imposed  because  the  antenna  mount  is  located 
at  the  masthead  have  been  met  by  fabricating  the  bulk  of  all  structural 
parts  of  aluminum.  The  use  of  steel  is  limited  to  the  torque  tube,  bear- 
ing plates,  cross-level  yoke,  special  alloy  gears,  and  miscellaneous  small 
parts.  The  antennas,  which  are  subject  to  large  wind  forces,  are  centered 
as  nearly  as  possible  at  the  height  of  the  level  and  the  cross-level  axes. 
In  addition,  the  Robinson  scanning  feed,  the  associated  height-finding 
reflector,  and  the  search  antenna  are  spaced  around  the  azimuth  axis  so 
that  there  will  be  an  approximate  balance  of  the  wind  loads  and  thus  a 
reduction  of  the  resultant  torques  on  the  azimuth  gear  train. 

All  of  the  equipment  is  wcatherproofed,  and  suitable  drain  holes  are 
provided  at  all  points  where  condensation  can  accumulate.  Heaters 
are  also  provided  to  keep  dry  the  double  pulse  rotary  joint  at  the  bottom 
of  the  torque  tube,  the  slip-ring  assembly  and  the  electrical  equipment 
inside  the  azimuth  conical  housing,  and  the  r-f  and  associated  electrical 
equipment  in  the  igloo. 

The  full-load  rated  running  current  of  the  1^-hp  azimuth  drive  motor 
is  5.4  amp  at  210  volt.  The  current  actually  drawn  by  the  azimuth  motor 
with  the  mount  running  at  4  rpm  and  with  no  applied  wind  load  is  1 .0  to 
1.2  amp. 

The  specific  characteristics  of  the  10-cm  antenna  mount  are  given  in 
the  following  list. 

Service:  shipborne  search  and  height-finding. 

Type:  three-axis  stabilized. 

Weight: 

Pedestal  to  stabilized  support 3000  Ib 

Superstructure 1850  Ib 

r-f  equipment 650  Ib 

Total 5500lb 

Over-all  dimensions:  diameter  of  sweep  circle,  21  ft;  height,  22  ft. 
Wind-load  requirements:  operational,  60  knots;  structural,  100  knots. 
Roll  (or  pitch)  requirements: 
Period  of  complete  cycle:  10  sec. 


SEC.  5-9]  PHOTOGRAPHS  AND  TABLES  153 

Maximum  angular  displacement:  ±19°. 

Maximum  angular  velocity  (sinusoidal  motion) :  2  rpm. 

Maximum  angular  acceleration  (sinusoidal  motion):  0.13  rad/sec2. 
Temperature  requirements:  to  operate  at  ±50°C, 
Transmitting  and  receiving  equipment:  two  different  wavelengths 

about  9  cm  on  the  mount. 

Train  Axis: 

Drive:  H-hp  3450-rpm  250-volt  d-c  Amplidyne-controlled  motor. 
Control:  size  7  synchro  generator  at  1 -speed;  size  6  synchro  generator 

at  36-speed. 

Gear  reduction:  3450  rpm  to  6  rpm. 
Backlash:  motor  to  36-speed  synchro,  6'  at  36-speed;  motor  to  1-speed 

synchro,  5'  at  1-speed;  motor  to  torque  tube,  3'  at  torque  tube. 
Stowing  pin:  to  withstand  300  per  cent  of  rated  motor  torque. 

Cross-level  A  xis  (level  axis  is  identical) : 

Drivo:  f-hp  3450-rpm  250-volt  d-c  Amplidyne-controlled  motor. 
Control:  size  5  synchro  generator  at  2-speed;  size  5  synchro  generator 

at  36-speed. 

Gear  reduction:  3450  rpm  to  2  rpm. 
Backlash:  motor  to  36-spced  synchro,  6'  at  36-speed;  motor  to  2-speed 

synchro,  5'  at  2-spced;  motor  to  cross  level  shaft,  3'  at  OL-shaft. 
Stowing  pin:  to  withstand  300  percent  of  rated  motor  torque. 
Stops:  electrical  limit  stops  set  at  ±15°.     Mechanical  limit  stops  to 

halt  motion  in  the  interval  ±  15i°  to  ±  19°,  with  the  electrical  limit 

stops  inoperative. 

Height-finding  Scanner: 

Drive:  i-hp  1725-rpm  250-volt  d-c  Amplidyne-controlled  motor. 
Control:  size  5  synchro  generator  at  1 -speed. 
Gear  reduction:  1725  to  600  rpm. 

Backlash:  motor  to  1-speed  synchro,  5'  at  1-speed;  motor  to  spinner,  3' 
at  spinner. 

Materials  of  Construction: 

Subbase:   tubing,    61SW   aluminum;   cast   footing,    40E   aluminum 

(Frontier  Bronze). 

Drive  gears:  SAE  6145  steel  forgings. 
Synchro  gears:  stainless  steel. 

Structural  fabrications:  61SW  aluminum,  SAE  1020  steel. 
Cams,  worm  wheels:  SAE  1112  steel. 
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Castings:  356-HT6  aluminum,  cast  steel. 
Miscellaneous  machined  parts:  17SFM  aluminum. 
Slip  rings:  silver  surface  with  bronze  reinforcing. 
Slip-ring  brushes:  90  per  cent  copper,  10  per  cent  graphite. 
High- voltage  pulse  joint  rings:  stainless  steel. 

High-voltage  pulse  joint  brushes:  90  per  cent  silver,   10  per  cent 
graphite. 


CHAPTER  6 
AIRBORNE  SCANNERS 

BY  W.  M.  CADY  AND  R.  M.  ROBERTSON1 

By  contrast  to  the  surface-based  antenna  mounts  discussed  in  Chaps. 
3  and  5,  airborne  scanners  are  generally  small  and  light.  Except  in  special 
installations,  the  nature  of  the  airplane2  limits  the  width  of  the  antenna 
to  either  30  or  60  in.  This  limitation  not  only  reduces  the  range  per- 
formance [Eq.  (1-4)]  but  also  increases  the  beamwidth  [Eq.  (1-2)]  of 
airborne  radar.  In  order  to  improve  the  resolution,  the  shortest  wave- 
lengths are  used:  The  10-cm  band  is  giving  way  to  the  3-cm  band,  and 
the  1-cm  band  has  been  highly  developed.  The  earlier  airborne  micro- 
wave radars,  operating  at  about  10  cm,  scanned  with  a  9°  beam,  but  most 
current  sets  have  beams  from  two  to  twenty  times  sharper. 

The  scanner  installation  is  protected  by  a  radome,  a  housing  that  is 
often  in  the  form  of  a  plastic  blister  external  to  the  graceful  shape  of  the 
airplane.3  The  installation  is  often  inverted  in  comparison  with  surface- 
based  mounts.  This  is  almost  universal  in  airborne  radar  for  bombing 
or  navigation,  because  in  the  very  advantageous  ventral  location  on  an 
airplane,  the  antenna  must  be  mounted  below  the  base  of  the  scanner. 

To  compensate  the  maneuvers  and  unsteady  flight  of  an  airplane,  some 
scanners  are  stabilized  (see  Chap.  7). 

The  first  part  of  this  chapter  is  devoted  to  a  general  discussion  of 
scanners.  In  Sees.  6-9  to  7-14  several  typical  scanners  are  described, 
these  having  been  chosen  for  their  diversity  and  because  they  exemplify 
particular  characteristics.  Other  excellent  designs  are  given  only  passing 
mention. 

AIRBORNE  ANTENNAS 

Methods  used  in  the  construction  of  airborne  microwave  antennas  are 
discussed  in  the  following  three  sections,  and  the  electrically  important 
aspects  of  antenna  design  and  specifications  laid  down  in  Microwave 
Antenna  Theory  and  Design,  Vol.  12  of  the  Radiation  Laboratory  Series, 
are  briefly  analyzed  with  reference  to  their  reduction  to  airborne  engineer- 
ing practice. 

1  Sec.  6-14  is  by  R.  M.  Robertson. 

2  Although  some  airships  carry  radar,  the  overwhelming  majority  of  airborne  radar 
installations  are  carried  by  airplanes. 

•  See  Part  II. 
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6-1.  Antennas  with  Paraboloidal  Reflectors. — The  earliest  opera- 
tionally important  type  of  antenna  for  airborne  radar  operating  at  a 
wavelength  of  10  cm  or  less  consisted  of  a  reflector  in  the  form  of  a  parab- 
oloid of  revolution,  with  a  point  source  of  energy  at  its  focus.  Although 
antennas  of  radically  different  design  have  since  been  developed,  parab- 
oloidal  antennas  are  still  the  most  widely  used  for  airborne  applications. 
In  this  and  the  following  section  the  reflector  and  the  point  source,  or 
antenna  feed,  are  considered  in  turn. 

Reflectors. — The  most  common  parabolic  reflectors  of  airborne  radar 
have  diameters  of  13,  18,  and  29  in.  and  8  ft.  A  few  intermediate  sizes 
have  also  been  produced.  The  three  smaller  sizes,  which  are  of  similar 
construction,  are  usually  spinnings  of  24ST  aluminum  alloy  or  similar 
material,  0.040  in.  thick  or  less.  For  stiffness,  the  rim  is  turned  back 
about  ^  in.,  either  during  or  after  the  spinning  process.  Stampings  of 
aluminum,  magnesium,  and  steel  have  been  used  in  place  of  spinnings; 
stamping  is  a  convenient  process,  because  the  depth  of  a  reflector  is 
rarely  as  great  as  one-fourth  of  the  diameter  and  a  deep  draw  is  therefore 
unnecessary.  The  reflector  is  screwed  or  riveted  to  a  casting  or  other 
backing  on  the  scanner;  the  screw  heads  or  rivets  in  the  face  of  the  reflec- 
tor do  not  harm  the  radiation  pattern.  Since  airborne  radar  antennas  are 
always  housed,  the  wind  forces  that  occur  arise  only  from  the  motion  of 
the  antenna  when  it  is  scanning,  and  these  are  usually  negligible.  The 
reflector,  therefore,  in  contrast  to  many  of  those  in  surface-based  radars, 
is  not  perforated.  For  a  paraboloidal  reflector,  the  shape  should  be  held 
locally  to  within  ±-fa  wavelength  and  to  still  smaller  deviations  over  large 
areas. 

Two  of  the  chief  functions  of  airborne  radar  are  to  aid  navigation  and 
to  make  blind  bombing  feasible.  It  is  important  that  echoes  be  received 
not  only  from  distant  objects  lying  on  the  ground  a  very  few  degrees 
below  the  horizontal  but  also  from  closer  objects  at  greater  angles  of 
depression;  it  is  a  great  advantage  if  all  like  objects  within  range  of  the 
radar  return  echoes  of  equal  strength.  Figure  6-1  shows  that  a  fan  beam 
of  radiation  scanning  the  compass  can  fulfill  these  requirements.  The 
energy  must  be  dispensed  frugally  at  the  greater  depression  angles  in 
order  to  avoid  overillumination  of  the  foreground.  It  can  be  shown  that 
granting  certain  dubious  assumptions  as  to  the  nature  of  the  terrain,  the 
energy  should  be  transmitted  in  proportion  to  the  square  of  the  cosecant 
of  the  depression  angle.1  Cosecant-squared  antenna  beams  are  therefore 
specified  for  the  most  recent  radars  for  air  navigation.  The  beam  may 
be  thought  of  as  a  vertical  fan  of  radiation  of  which  the  nose,  or  most 
intense  portion,  is  nearest  the  horizon. 

One  method  for  producing  a  cosecant-squared  beam  is  to  use  a  dis- 

1  Vol.  1,  Sec.  25,  of  Radiation  Laboratory  Series. 
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torted  paraboloidal  antenna.  Several  forms  of  distortion  have  been 
used  as  the  art  progressed  and  new  energy  distributions  were  required. 
One  of  the  commonest  of  these  is  the  29-in.  barrel-stave  reflector  (Fig. 
6-2),  so  called  because  of  an  early  experimental  method  of  construction. 
To  the  upper  half  of  the  paraboloid  there  is  added  a  false  face,  which 
merges  with  the  paraboloid  along  the  horizontal  center  line.  The  barrel- 
stave  addition  may  be  described  by  stating  that  (1)  the  intersection  of 
the  barrel  with  any  plane  that  passes  through  the  feed  and«is  parallel  to 
the  horizontal  diameter  of  the  paraboloid  is  a  parabola  of  which  the  feed 


6-1. — A  fan  beam  that  enables  an  airborne  radar  to  scan  the  surface  of  the  earth. 


is  the  focus  and  (2)  all  these  parabolas  are  identical.  It  follows  that  the 
part  of  the  energy  from  the  feed  that  falls  on  the  barrel  portion  is  reflected 
in  a  fan  that  is  narrow  in  azimuth  and  wide  in  elevation.  It  also  follows 
that  the  barrel  is  a  surface  of  revolution  and  that  the  axis  is  a  horizontal 
line  crosswise  through  the  feed.  The  barrel  section  is  conveniently 
made  by  spinning;  it  is  attached  in  two  pieces  to  the  paraboloid  by 
bolts  and  braces.  The  tolerance  on  the  shape  of  the  reflector  is  about 
±-jfe  wavelength. 

The  r-f  transmission  line  to  a  paraboloid  antenna  terminates  in  the 
antenna  feed  at  the  focus  of  the  paraboloid.  The  feed  should  be  suf- 
ficiently directive  so  that  nearly  all  of  its  radiation  falls  on  the  reflector 
and  very  little  is  propagated  directly  into  space. 
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Feeds. — Most  feeds  for  paraboloids  can  be  classified  as  horns  or  vertex 
feeds.  The  horn  feed  is  the  flared  ending  of  a  waveguide  transmission 
line.  This  type  of  feed  is  usually  either  an  assembly  of  brass  plates 
brazed  to  the  end  of  standard  brass  guide  or  a  single  electrof  ormed  mem- 
ber. The  transmission  line  to  a  horn  feed  is  routed  from  the  rotary 
joint  past  the  upper  edge  of  the  paraboloid.  In  order  to  ensure  proper 
utilization  of  the  primary  pattern  the  mouth  of  the  horn  must  open 


FIG.  0-2. — A  barrel-stave  antenna  for  producing  a  fan  beam  of  radiation.  It  is  shown 
mounted  011  a  typical  navigational  pedestal.  The  wavelength  is  about  3  cm.  (Courtesy 
of  U.S.  Army,  ACL,  Wright  Fidd.) 

toward  the  reflector.  The  aperture  of  a  horn  determines  the  primary 
pattern  of  the  radiation:  a  paraboloid  whose  periphery  is  trimmed  so 
that  its  width  exceeds  its  height  is  best  illuminated  by  a  horn  whose 
height  exceeds  its  width.  The  horn  may  be  hermetically  sea'ed  by  means 
of  a  mica  window  or  a  plastic  box  or  cup  attached  to  a  gasketed  flange  at 
the  mouth  of  the  flare. 

Vertex  feeds  are  point  feeds  that  direct  their  radiation  generally 
backward  around  the  transmission  line  that  they  terminate.  Such  a 
feed  is  supported  by  the  transmission  line,  which  extends  through  a  hole 
at  the  vertex  of  the  paraboloid,  These  feeds  also  are  ordinarily  hermeti- 
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cally  sealed.  In  one  system,  however,  in  which  the  transmission  line  that 
holds  the  feed  spins  rapidly,  the  entire  spinning  structure,  including  the 
spin  motor,  is  within  an  airtight  plastic  envelope,  thus  removing  the 
difficult  requirement  of  sealing  the  high-speed  rotary  r-f  joint. 


FIG.  6-3. — Two-dipole  feed  radiating  toward  the  left. 
Soldered 


Feed  cavity 

Soldered 


FIQ.  6-4. — Modified  Cutler  feed.      (Courtesy  of  Dalmo  Victor,  Inc.) 

A  two-dipole  vertex  feed,  of  a  type  commonly  used  at  the  3-cm  band, 
is  shown  in  Fig.  6-3.  An  alternative  design  with  similar  properties  hag 
been  developed  by  C.  C.  Cutler  of  the  Bell  Telephone  Laboratories 
The  Cutler  feed  in  one  of  its  subsequent  modifications  is  illustrated  in 
Fig.  64.  The  electric  vector  and  the  narrow  dimension  of  the  wave- 
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guide  for  this  feed  are  in  the  plane  of  the  paper.  The  methods  of  con- 
struction will  not  be  discussed  at  length,  since  the  feeds  present  no  unusual 
difficulties. 

Vertex  feeds  are  much  used  at  the  3-  and  10-cm  bands,  where  the 
manufacturing  tolerances  are  approximately  ±^  in.  They  have  been 
made  for  the  1-cm  band,  but  the  tolerances  have  to  be  so  close  that  horn 
feeds  are  preferred. 

6-2.  Antennas  with  Shaped  Cylindrical  Reflectors.  Reflectors.— 
These  antennas  consist  of  a  reflector  and  feed,  as  shown  in  Fig.  6-5,  of 


K 


, 

FIG.  6-5.  —Antenna  with  a  shaped  cylindrical  reflector  for  a  1-cm  system. 


design  that  is  quite  different  from  those  described  in  Sec.  6-1.  The  reflec- 
tor is  a  sheet  in  the  form  of  a  parabolic  cylinder  that  has  a  horizontal 
generating  line.  Instead  of  a  focal  point,  such  a  surface  has  a  focal  line; 
and  instead  of  being  concentrated  at  a  point,  the  source  of  energy  lies 
along  this  focal  line.  Since  the  feed  is  designed  so  that  the  r-f  phase  is  at 
each  instant  the  same  at  all  points  along  its  length,  the  radiation  is  propa- 
gated at  right  angles  to  its  length.  The  radiation  that  falls  on  the  reflec- 
tor is  thereby  collimated  in  elevation  and  reflected  into  space  as  a  sharp 
beam.  The  second  antenna  described  in  Sec.  3-3  is  of  this  type. 

The  construction  of  typical  shaped  cylindrical  reflectors  is  described 
in  Sees.  6-11  and  6-12.  In  these  examples,  as  always  with  antennas  of 
this  type,  the  upper  part  of  the  reflector  is  given  excess  curvature  (shaped) 
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so  that  it  reflects  part  of  the  energy  earthward  as  the  cosecant-squared 
fan. 

Feeds. — The  type  of  feed  usually  used  with  airborne  shaped  cylindrical 
reflectors  is  the  pillbox.  This  is  composed  of  two  parallel  metal  sheets  or 
plates  that  are  straight  on  the  front  edge  and  connected  by  a  metal  strip 
forming  a  parabolic  wall  along  the  rear  edge.  The  energy  may  be  propa- 
gated between  the  plates  in  either  the  lowest  7V£-mode  or  the  T^M-mode. 
When  excited  in  the  T£J-modn,  a  pillbox  radiates  waves  that  are  polarized 
parallel  to  its  lips.  The  spacing  between  the  plates  must  be  uniform  in 
order  to  prevent  distortion  of  the  wavefronts;  slender  metal  posts  may 
be  used  as  spacers.  With  the  TEM-uaodG  the  radiated  energy  is  polar- 


Parabolic  back 


Line  source  y  \        V— .  Point  source: 

Waveguide 
l«'io.  6-fl.  — Knergy  propagation  in  a  pillbox. 

ized  perpendicular  to  the  lips.  Simple  spacer  posts  are  forbidden, 
because  in  this  mode  the  waves  would  be  scattered  by  such  obstacles. 
Fortunately,  the  spacing  need  not  be  uniform,  and  spacers  arc  not  a 
mechanical  necessity. 

In  the  pillbox  shown  in  Fig.  6-6,  two  of  the  paths  of  the  flow  of  energy 
(wave  normals  or  rays)  arc  indicated  in  dashed  lines.  Structural  details 
of  two  pillboxes  are  discussed  in  Sees.  6-11  and  6-12. 

6-3.  Linear  Array  Antennas. — The  elements  of  a  linear  array  are 
dipoles  (or  slots)  excited  by  energy  tapped  from  the  straight  length  of 
transmission  lino  to  which  they  are  uniformly  attached.  The  wave- 
fronts  from  the  individual  dipoles  are  phased  to  form  the  resultant  over- 
all wavefront  having  the  desired  directivity. 

The  directivity  is  controlled  by  proper  design  and  spacing  of  the 
dipoles.  In  one  array,  the  energy  is  radiated  in  the  end-fire  direction. 
Such  an  array,  acting  as  the  entire  antenna,  has  been  used  without  a 
reflector.  It  projects  a  nonscanning  beam  forward  from  an  airplane  and 
enables  determination  of  the  distance  to  a  target.  The  requirement  for 
a  broad  pencil  beam  is  best  met  by  an  end-fire  array  when  considerations 
of  aerodynamics  or  optical  vision  preclude  an  antenna  that  has  any 
considerable  cross  section.  One  such  design  gives  an  end-fire  beamwidth 
of  28°,  is  about  20  in.  in  length,  and  consists  of  36  dipoles  arranged  18 
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on  each  side  of  a  £-in.  coaxial  transmission  line.  Each  pair  of  dipoles  is 
die-cast  of  an  aluminum-silicon  alloy  as  a  single  unit  2  in.  in  diameter 
and  copper  plated;  it  is  then  soldered  in  place  on  the  transmission  line, 
silver-plated,  and  finally  gold-plated.  Two  probes,  as  shown  in  Fig. 
6-7,  penetrate  slightly  into  clearance  holes  in  the  outer  conductor  of  the 
transmission  line.  The  36  probes  bleed  out  about  90  per  cent  of  the 
power  entering  the  antenna,  and  the  residue  is  absorbed  in  a  nonreflect- 
ing  termination  at  the  end  of  the  line.  Supported  on  metallic  legs  at 
either  end  and  housed  in  a  tubular  plastic  radomc,  this  antenna  is  rugged 

enough  to  withstand  the  vibration  and 
shock  of  combat  service. 

A  radically  different  array,  also  using 
no  reflector,  has  a  broadside  pattern  for 
airborne  beacon  use.  It  was  designed 
for  vertical  mounting  below  the  fuselage 
of  an  airplane.  Its  directivity  is  nearly 
uniform  in  all  horizontal  directions. 
The  elements  of  the  array  are  18  verti- 
cal slots  in  three  tiers,  cut  in  the  outer 
conductor  of  a  coaxial  line  1  in.  in  diam- 
eter. Two  of  these  arrays  are  located 
in  essentially  the  same  tube.  The  inner 
conductor  of  the  upper  (transmitting) 
array  is  hollow  and  is  in  fact  the  outer 
conductor  of  the  coaxial  line  that  carries 
the  energy  from  the  lower  (receiving) 
array  to  the  beacon  receiver.  The 
electric  polarization  of  each  array  is 
horizontal.  The  antenna,  consisting  of 
the  two  arrays  housed  in  a  streamlined  radome,  is  mounted  so  that  it 
extends  10  in.  below  the  airplane.  Neither  this  antenna  nor  the  antenna 
previously  described  is  used  for  scanning. 

In  place  of  a  pillbox,  a  linear  array  with  broadside  radiation  may  be 
used  for  illuminating  a  shaped  cylindrical  reflector.  Such  an  array,  used 
with  no  reflector,  is  the  basis  of  the  Eagle  scanner  discussed  in  Sec.  6-14. 


FIG.  6-7. — Two  dipoles  of  an 
end-fire  linear  array,  each  energized 
by  a  probe. 
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6-4.  Conditions  of  Operation. — The  ambient  operating  conditions  of 
temperature,  humidity,  and  pressure  are  often  extreme  for  an  airborne 
radar.  The  same  set  that  must  be  ready  for  immediate  use  after  standing 
in  the  desert  sun  must  also  perform  satisfactorily  at  the  low  temperatures 
of  the  highest  altitudes  (cf.  Table  6-1).  The  ambient  temperature  range 
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required  for  military  service  has  been  set  by  the  Army  and  Navy  at  —  55° 
to  +71°C  (-67°  to  +160°F)  (cf.  Table  6-1). 

TABLE  6-1. — CONDITIONS  IN  A  STANDARD  ATMOSPHERE 


Altitude,  ft 

Temperature,  °F 

Pressure,  in.  Hg 

0 

59  0 

29.92 

10,000 

23.4 

20.58 

20,000 

-12.3 

13.75 

30,000 

-48.1 

8.88 

40,000 

-67.0 

5.54 

50,000 

-67.0 

3.44 

Operation  under  rapidly  changing  conditions  of  humidity  is  a  con- 
tingency that  must  be  given  serious  consideration.  When  an  airplane 
makes  a  quick  descent  from  a  high  altitude  to  a  region  of  higher  absolute 
humidity  such  as  exists  near  the  ground,  accumulations  of  frost  and  dew 
form  on  mechanical  and  electrical  parts.  Furthermore,  the  condition 
known  as  sweating  occurs  when  an  airplane  is  left  outdoors  overnight, 
gets  thoroughly  cooled,  and  then  condenses  moisture  from  a  humid 
atmosphere.  This  condensation  may  result  in  short  circuits,  corrosion, 
and  impairment  of  the  propagation  of  energy  along  internally  wet  trans- 
mission lines.  Humid  weather  conditions  favor  the  growth  of  fungus, 
even  on  circuit  components.  For  airborne  radars,  the  defense  against 
humidity  is  to  seal  the  transmission  lines  hermetically.  For  radars  in 
tropical  service  it  is  further  advisable  to  dip  or  spray  all  circuits  with  a 
fungusproof  varnish. 

The  range  of  pressure  in  which  radar  must  be  operative  is  from  atmos- 
pheric to  perhaps  i  atmosphere.  The  most  notable  effect  of  lowered 
pressure  is  arcing.  This  may  occur  in  the  transmission  line,  particularly 
at  connectors  and  rotary  joints  or  in  the  modulator  or  other  circuits  where 
high  differences  of  potential  exist.  Arcing  is  prevented  by  careful  design 
of  the  transmission  line  and  particularly  by  pressurization.  The  trans- 
mission line,  whether  it  is  waveguide  or  coaxial  conductor,  can  be  her- 
metically sealed  even  at  the  rotary  joints.  It  is  common  practice  to 
maintain  the  pressure  by  a  small  air  pump,  on  the  realistic  basis  that  true 
hermetic  sealing  is  difficult  and  impracticable.  In  some  radar  systems, 
almost  all  of  the  equipment  is  sealed  in  an  airtight  "  bomb." 

An  airborne  radar  set  is  subject  to  certain  mechanical  hazards. 
Vibration  is  one,  and  military  specifications  require  that  the  scanner  be 
able  to  withstand  vibration  of  as  much  as  a  total  excursion  of  0.06  in. 
in  any  direction  and  at  any  frequency  between  10  and  60  cps.  This 
severe  requirement  has  been  relaxed  for  some  antennas,  because  airplanes 
normally  vibrate  less  than  these  figures  imply.  Most  of  the  chassis 


164  AIRBORNE  SCANNERS  [SEC.  6-5 

housing  the  electronic  components  are  shock-mounted,  but  the  scanner 
is  generally  rigidly  attached  to  the  airframe.  The  shock  of  a  rough  land- 
ing can  cause  damage  to  the  radar.  Shock  mounts,  however,  are 
probably  not  effective  in  cushioning  a  hard  landing,  since  their  total  unre- 
stricted motion  scarcely  exceeds  i  in.,  an  insignificant  figure  by  compari- 
son with  the  landing-gear  shock-absorbing  mechanism,  which  has  a 
travel  of  several  inches.  Extra  ruggedness  must  be  planned  for  the 
scanner,  since  inexpert  handling  is  probably  even  more  destructive  than 
vibration  and  shock. 

The  weight  in  pounds  of  an  airborne  scanner1  is  about  one-tenth  of 
the  square  of  the  width  of  the  reflector  in  inches.  Rapid  scanners  and 
stabilized  scanners  are  generally  heavier  than  this,  and  some  more  recent 
scanners  arc  lighter. 

The  angular  motions  of  an  airplane  are  severe  enough  to  require  con- 
sideration in  scanner  design  (see  Chap.  7).  Of  the  voluntary  maneuvers, 
banking  involves  larger  angles  than  climbing  or  gliding.  It  has  been 
variously  estimated  that  small  bombers  rarely  exceed  bank  angles  of 
15°  to  30°  and  that  the  rate  of  banking  of  a  large  bomber  rarely  exceeds 
6°/sec.  The  angle  of  attack  of  an  airplane  flying  at  a  constant  altitude 
varies  when  the  indicated  air  speed  is  varied  and  is  also  dependent  on 
the  gross  weight  of  the  airplane.  Within  the  range  of  speeds,  loads,  and 
altitudes  of  practical  concern,  the  angle  of  attack  varies  by  no  more  than 
about  5°,  the  nose-high  attitude  being  characteristic  of  low  speed,  heavy 
load,  or  high  altitude. 

The  involuntary  angular  motions  of  the  airplane  in  rough  air  are 
almost  ten  times  more  severe  in  roll  than  in  pitch  or  yaw.  In  the  usual 
variety  of  flying  weather,  an  airplane  of  medium  size  is  probably  disturbed 
about  5  per  cent  of  the  time  by  gusts  that  induce  bank  angles  exceeding 
10°  or  angular  rates  of  banking  that  exceed  2°/sec. 

6-6.  Airborne  Scanner  Installation. — One  of  the  problems  in  planning 
a  scanner  installation  is  the  choice  of  its  location.  For  successful  opera- 
tion, the  radar  must  have  unobstructed  vision,  and  the  antenna  should 
be  so  installed  that  it  may  be  housed  in  an  aerodynamically  acceptable 
radome.  A  very  common  requirement  is  circular  vision  of  the  ground 
well  out  toward  the  horizon.  The  only  good  location  for  mounting  the 
scanner  is  then  below  the  fuselage.  The  problems  of  such  a  location  are 
discussed  in  Chap.  14.  If  rearward  vision  is  not  required,  an  antenna 
with  circular  scan  may  be  mounted  just  behind  and  below  the  nose  of 
the  airplane,  where  the  radome  may  be  completely  faired  in.  Scanning 
of  only  a  forward  sector  is  possible  if  the  antenna  is  mounted  in  the  nose. 
Such  a  location  is  impossible  in  an  airplane  that  has  a  single  tractor  pro- 

1  W.  L.  Meyers,  "Weight  Analysis  of  Airborne  Radar  Sets,"  RL  Report  No,  340, 
Jan.  1,  1945. 
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peller;  in  that  case  an  external  housing  becomes  necessary.  Aero- 
dynamically,  perhaps  the  best  external  site  is  at  a  wing  tip,  although  a 
blister  faired  in  to  the  leading  edge  of  a  wing  has  been  widely  used.  For 
maintenance  reasons,  easy  replacement  of  the  set  is  desirable,  and  this 
has  been  effected  in  one  instance  by  packaging  the  greater  part  of  the  set 
in  a  bomb  suspended  under  one  wing.  The  scanners  of  aircraft  inter- 
ception, AI,  radars  in  night  fighters  are  installed  in  locations  that  allow 
vision  in  all  generally  forward  directions.  They  may  be  mounted  in  any 
of  the  positions  that  are  fit  for  sector  scanners.  Scanners  for  protective 
fire  control  in  bombers  are  located  in  a  special  rearward  nacelle  or  on  the 
turret  guns,  where  they  can  search  for  and  track  enemy  fighters  approach- 
ing from  the  rear  or  sides. 

Accurate  orientation  of  the  scanner  installation  in  relation  to  the  air- 
plane is  important.  In  a  ground-mapping  radar  sot,  mal orientation  will 
cause  falsification  of  the  azimuth  of  all  signals;  in  this  event  it  is  usual  to 
secure  faithful  mapping  by  adjusting  ("zeroing")  the  azimuth  data 
transmitter  rather  than  the  entire  scanner.  The  AN/APS-10  scanner  is 
mounted  in  such  a  way  that  it  allows  compensation  in  flight  for  a  changing 
angle  of  attack  (cf.  Sec.  7-4).  Scanners  for  fire  control  must  be  oriented 
(bore-sighted)  as  a  whole.  Thus,  for  point-blank  fire,  where  the  axis  of 
the  conical  scan  must  be  parallel  to  the  bore  of  the  gun,  specially  designed 
adjustments  are  provided  for  aligning  the  scanner. 

6-6.  The  R-f  Transmission  Line. — Although  the  r-f  transmitter  is 
never  revolved  with  the  antenna  of  an  airborne  radar,  it  is  often  so  close 
to  the  scanner  that  as  much  as  half  of  the  transmission  line  is  within  the 
scanner.  It  is  desirable  to  avoid  the  use  of  long  lines  because  (1)  the 
attenuation  per  meter  of  line  is  appreciable,  (2)  instability  of  the  magne- 
tron transmitter  may  result  from  the  long-line  effect,  (3)  the  installation 
and  cleaning  of  a  long  line  is  troublesome,  and  (4)  weight  is  at  a  premium. 

To  facilitate  the  design  and  production  of  microwave  transmission 
lines,  sizes  have  been  standardized.  Almost  all  of  those  listed  in  Table 
1-1  have  been  useful  in  airborne  systems. 

The  most  critical  parts  of  a  transmission  line  are  often  the  rotary 
joints.  Figure  6-8  shows  one  that  was  designed  for  use  at  the  3-cm  band. 
Energy  from  the  transmitter  reaches  the  rotary  joint  in  a  rectangular 
waveguide.  A  transition  is  then  made  from  this  guide  to  a  circular  guide, 
so  designed  that  in  the  latter  the  waves  propagate  in  the  TWoi-mode, 
which  has  axial  symmetry  about  the  center  line.  The  gap  between  the 
stationary  parts  and  the  rotating  parts  is  in  the  circular  guide.  The 
parts  that  rotate  are  the  lower  rectangular  waveguide,  the  circular  wave- 
guide below  the  gap,  and  the  sleeve  immediately  surrounding  the  latter. 
At  a  second  transition,  the  waves  again  enter  a  rectangular  guide  into 
which  certain  internal  structures  have  been  introduced  to  eliminate 
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standing  waves  and  to  ensure  the  lowest  possible  !FM-mode  in  the  cir- 
cular guide.  As  at  the  fixed  couplings,  a  choke,  or  wave  trap,  is  included 
at  the  gap.  This  eliminates  the  necessity  for  good  and  continuous  con- 
tact between  adjoining  parts  of  the  waveguides.  The  rotary  joint  may 


Blank  flange 

bolted  to 
choke  flange 


Transformers,  etc. 

Rectangular  waveguide 
(0.400X0,900  in.  ID)  ' 
FlG.  6-8. — Schematic  diagram  of  a  typical  waveguide  rotary  joint. 

be  hermetically  sealed  with  a  rubber-compound  ring,  as  illustrated  in 
Fig.  6-8. 

Among  the  other  types  of  rotary  joints  there  is  one  that  enables 
relative  rotation  of  two  sections  of  coaxial  line,  since  the  energy  in  this 
case  propagates  in  a  symmetrical  mode.  In  a  coaxial  line  a  choke  can 
be  incorporated  in  the  inner  as  well  as  the  outer  conductor.  It  is  possible 
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to  make  a  transition  from  a  rectangular  guide  to  a  coaxial  line.  By  the 
use  of  two  such  transitions  and  a  rotary  joint  in  the  coaxial  line,  relative 
.  rotation  of  two  segments  of  rectangular  guide  is  possible,  as  shown  in 
Fig.  3-1.  Recent  airborne  waveguide  practice  favors  the  TMoi-mode 
joint  for  the  3-cm  band  and  the  coaxial  joint  for  the  10-cm  band. 

A  choke-to-flange  coupling,  as  illustrated,  permits  considerable  mis- 
alignment in  both  linear  and  angular  displacement  without  causing  severe 
standing  waves.  Very  simple  "wobble  joints7'  that  allow  a  total  motion 
of  20°  have  been  made  by  the  use  of  such  couplings.  These  may  be 
sealed  by  means  of  a  corrugated  rubber-compound  tube. 

As  it  is  extremely  difficult  to  make  a  perfect  seal  in  a  joint,  special 
pumps  have  been  produced  (Zenith  Associates,  Newton,  Mass.)  to  supply 
dried  air  to  the  transmission  line.  These  pumps  weigh  about  3  Ib.  They 
are  automatically  controlled  to  keep  the  pressure  in  the  line  at  about  sea- 
level  value  when  the  airplane  is  at  high  altitudes.  Pressurization  of 
transmission  lines  is  now  almost  universally  specified  in  airborne  design. 

6-7.  Data  Transmission. — A  radar  yields  data  not  only  on  the  distance 
to  an  echoing  object  but  also  on  its  angular  position.  It  is  therefore 
obviously  necessary  to  know  the  direction  of  the  beam  of  radiation  when- 
ever echoes  are  observed.  This  information  can  bo  made  available  to 
the  operator  in  the  form  of  scale  readings,  but  other  means  are  also  used 
in  all  operational  systems.  The  general  practice  is  to  generate  at  the 
scanner  certain  voltages  dependent  on  the  angular  position  of  the  beam 
and  to  use  these  voltages  at  the  indicator  to  control  the  display  on  the 
cathode-ray  screen.1  The  source  of  this  voltage  is  termed  a  take-off  or 
data  transmitter.  In  airborne  radar  the  principal  use  of  scale  readings  to 
indicate  the  angular  data  transmitted  from  a  take-off  is  to  show  the 
depression  angle  of  the  beam  radiated  from  a  ground-mapping  radar. 

It  is  sometimes  required  to  set  the  position  of  an  airborne  antenna  by 
means  of  a  servomechanism.  The  data  take-offs  necessary  for  this  are 
discussed  in  several  sections  of  the  next  two  chapters. 

Among  the  many  types  (cf.  Vol.  17,  Radiation  Laboratory  Series) 
of  data  transmitters  that  have  been  used,  the  most  common  is  the 
rotary  inductor,  or  synchro,  whose  rotor  is  often  geared  to  the  antenna 
through  1/1  gearing  and  turns  as  the  antenna  turns.  Transmitters, 
weighing  from  1  to  3  Ib  each,  are  available  under  the  trade  names  of 
Selsyn,  Autosyn,  Diehlsyn,  and  others.  Usually,  the  stator  contains 
three  coils  connected  in  Y  and  spaced  120°  apart.  The  rotor  is  excited 
by  a  115-  or  26-volt  400-cps  supply  and  excites  the  stator  coils.  The 
voltages  so  induced  may  be  applied  to  the  indicator.  In  the  AN/APQ-13 
radar  system  these  voltages  are  applied  to  a  synchro  motor  that  orients 

1  The  circuits  involved  are  described  in  Chap.  3  of  Cathade-ray  Tube  Display 
Circuits,  Vol.  22,  Radiation  Laboratory  Series. 
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the  deflection  coil  of  the  cathode-ray  tube.  If,  as  in  this  method,  appreci- 
able torque  is  demanded  of  the  synchro  motor,  both  the  generator  and 
the  motor  must  be  sufficiently  large  and  may  weigh  about  5  Ib.  The 
torque  of  such  a  synchro  is  about  0.4  oz-in.  per  degree.  For  most  air- 
borne synchros  the  accuracy  is  0.5°  to  0.8°. 

Another  method  of  operating  a  PPI  display  tube  is  to  employ  two 
fixed  deflection  coils  in  place  of  a  single  rotating  deflection  coil.  The 
fixed  coils  are  at  right  angles  to  each  other  and  are  excited  in  a  manner 
that  will  produce  a  rotating  magnetic  field,  an  effect  equivalent  to  that 
of  a  single  rotating  coil.  The  energizing  of  the  two  deflection  coils  is 
proportional  to  the  sine  and  cosine,  respectively,  of  the  relative  azimuth 
of  the  beam.  This  proportionality  is  realized  if  the  data  take-off  is  a 
sine-cosine  resolver  that  is  energized  by  the  saw-tooth  voltage  from  the 
siveep  circuit.  Such  a  resolver  resembles  a  synchro  in  form  and  mounting. 

Potential  dividers,  commonly  called  potentiometers,  are  frequently 
used  to  transmit  angular  data.  The  motion  of  the  potentiometer  brush 
is  synchronized  with  the  motion  of  the  antenna.  Usually  the  winding  is 
toroidal,  and  the  motion  of  the  brush  is  rotary.  Potentiometers  are  most 
often  used  to  indicate  angles  that  vary  less  than  360°,  for  example,  the 
tilt  angle  of  an  antenna  or  the  azimuth  angle  in  a  sector  scan.  Since  the 
life  of  even  a  specially  constructed  potentiometer  is  limited  to  one  or  two 
million  cycles  of  smooth  and  accurate  operation,  potentiometers  are  not 
used  for  rapid  scans.  Occasionally,  a  potentiometer  may  have  more  than 
one  brush  or  more  than  two  leads  to  the  winding. 

It  is  often  important  that  the  potentiometer  be  linear,  in  the  sense 
that  the  resistance  be  a  linear  function  of  the  angular  position  of  the 
brush.  A  typical  figure  for  the  linearity  of  a  good  new  potentiometer  is 
0.1  per  cent;  the  linearity  deteriorates  slightly  in  one  million  cycles  of 
operation.  The  resistance  may  be  specified  as  high  as  100,000  ohms  or 
as  low  as  100  ohms,  the  wire  diameter  being  0.0015  to  0.010  in.  The 
radius  of  the  brush  arm  is  commonly  -J  to  2£  in.  Potentiometers  are 
sometimes  built  by  winding  the  wire  on  an  insulating  strip  that  is  then 
bent  into  the  shape  of  a  ring.  If  the  brush  must  rotate  through  360°, 
however,  the  winding  must  be  toroidal,  with  no  gap  between  the  first 
and  last  turns. 

Another  data  tajte-off  that  should  be  mentioned  here  is  the  "pipper," 
or  heading  marker.  This  is  a  switch  closed  by  a  cam  on  the  azimuth 
axis  of  some  scanners  at  the  instant  the  beam  is  directed  straight  ahead, 
i.e.,  at  zero  relative  azimuth.  The  closing  of  this  switch  intensifies  the 
trace  on  the  cathode-ray  tube,  thereby  providing  the  operator  with  a 
heading  marker.  For  other  data  take-offs,  see  Sees.  6-9  and  6-13. 

6-8.  Mechanical  Components. — In  this  section  there  is  a  general  dis- 
cussion of  the  construction  of  airborne  mechanical  scanners.  A  com- 
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ponent  common  to  all  scanners  is  the  drive  motor.  It  is  mounted  on 
the  scanner  base,  which  is  rigidly  attached  to  the  airframe,  and  is  often  & 
high-speed  (6000  rpm)  compound- wound  27- volt  d-c  motor  in  order  to 
keep  the  weight  at  a  minimum.  Instead  of  grounding  one  terminal  of 
the  motor  to  the  airframe,  a  ground  return  lead  from  the  motor  is  usually 
provided.  In  a  few  systems,  an  explosionproof  feature  has  been  consid- 
ered necessary.  More  generally,  the  ends  of  the  motor  are  partially 
open  to  allow  ventilation,  which  may  be  forced.  The  power  rating  of 
the  motor,  for  continuous  duty,  usually  ranges  from  -§•  to  -J-  hp.  It  has 
often  been  necessary  to  protect  the  communications  equipment  in  the  air- 
plane from  the  electrical  noise  produced  at  the  commutators  of  motors 
employed  in  the  radar  system;  this  is  effected  by  means  of  filters  in  the 
motor  leads. 

Since  the  speed  of  the  motor  usually  exceeds  the  desired  rate  of  scan, 
a  gear  reduction  is  necessary.  The  scan  rate  is  usually  in  tho  range  of 
from  6  to  30  rpm  for  circular  scanners,  30  cpm  or  more  for  sector  scanners, 
and  up  to  2400  rpm  for  the  fastest  spiral  and  conical  scanners.  For 
antennas  that  must  "track"  another  airplane,  a  rato  as  fast  as  120°/sec 
should  be  available.  Spur  gearing  is  usually  desirable  for  the  speed 
reduction.  Because  of  the  humidity,  dust,  sand,  and  salt  spray  to  which 
scanners  are  often  subjected,  the  gearing  in  most  designs  is  enclosed  as 
completely  as  possible.  Another  design  problem  is  imposed  by  the 
temperature  requirements.  The  differential  expansion  of  the  gears, 
shafts,  and  gear  case,  which  are  commonly  all  of  different  materials,  must 
be  anticipated  in  order  to  avoid  binding  or  excessive  backlash  at  extreme 
temperatures.  This  problem  is  aggravated  by  the  unequal  temperatures 
of  the  various  parts. 

The  lubrication  of  a  gear  train  presents  obvious  difficulties  because  of 
the  great  temperature  range.  An  oil  bath  is  sometimes  used  but  is  often 
undesirable  because  it  requires  tight  seals  where  shafts  pass  through  the 
gear  case  and  because  the  starting  torque  is  high  at  low  temperatures. 
More  commonly,  a  small  amount  of  grease  smeared  on  the  gears  is  con- 
sidered sufficient.  The  Beacon  M-285  grease  has  proved  valuable. 

In  addition  to  the  motor,  the  scanner  base  carries  one  or  more  data 
take-offs.  Since  the  gearing  for  these  take-offs  must  be  as  free  from  back- 
lash as  possible,  it  is  good  practice  to  use  a  special  gear  train  between  the 
take-offs  and  the  main  shaft  of  the  scanner  rather  than  to  depend  on  the 
drive  gear  train  for  this  purpose.  The  data  gear  train  often  has  spring- 
loaded  split  gears  whereby  the  gear  teeth  are  kept  always  "on  the  same 
side  of  the  backlash."  When  two  take-offs  are  required,  it  is  sometimes 
possible  to  simplify  the  data  train  by  coupling  one  take-off  to  each  end  of 
a  single  shaft  instead  of  providing  a  separate  shaft  for  each.  For  greater 
accuracy,  one  of  the  data  take-offs  is  sometimes  geared  to  turn,  for 
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example,  just  ten  times  faster  than  the  antenna.  That  this  practice  can 
lead  to  a  10-fold  ambiguity  in  the  angular  indication  of  the  antenna  is 
obvious,  but  the  ambiguity  is  removed  by  providing  on  the  antenna  a 
contact  that  closes  once  every  revolution. 

The  function  of  the  drive  gearing  is  to  rotate  the  main  shaft  of  the 
scanner.  Commonly,  this  shaft  supports  at  its  extremity  a  yoke,  or  fork, 
with  two  equal  arms  equipped  with  bearings  for  mounting  the  antenna. 
In  most  scanners  the  antenna  may  be  made  to  tilt  or  nod  a  few  degrees 
in  relation  to  the  yoke.  The  power  for  this  rotation  is  transmitted  to 
the  antenna  in  one  of  two  ways,  either  through  a  gear  train  powered  by  a 
motor  that  is  mounted  on  the  yoke  and  to  which  current  is  brought 
through  slip  rings  on  the  main  shaft  or  through  a  mechanical  linkage. 
Such  a  linkage  consists  of  three  elements:  a  motor  and  gear  train  on  the 
scanner  base,  providing  a  linear  output  motion  parallel  to  the  main  axis 
of  the  scanner;  a  thrust  bearing  concentric  with  the  axis  and  moved  along 
it  by  the  gearing;  and  revolving  with  the  reflector,  a  push  rod  or  cable 
connecting  the  reflector  with  the  revolving  race  of  the  thrust  bearing. 
In  some  instances,  use  of  the  mechanical  linkage  has  resulted  in  a  lighter 
and  more  satisfactory  scanner.  In  this  way,  a  scanner  has  been  designed 
weighing  only  13  Ib  as  compared  with  the  original  20  Ib  for  the  AN/APS-10 
scanner. 

No  matter  how  the  power  for  antenna  tilt  is  transmitted,  it  is  neces- 
sary to  provide  a  data  take-off  to  indicate  the  tilt  angle.  It  is  convenient 
to  locate  the  take-off  on  the  same  structure  as  its  corresponding  motor. 

In  almost  all  scanners,  the  main  shaft  is  a  torque  tube  that  is  hollow 
to  allow  insertion  of  the  transmission  line.  Sometimes  this  tube  itself 
serves  as  a  waveguide,  but  more  often  the  transmission  line  is  distinct 
from  the  structural  parts  of  the  scanner  and  is  supported  by  them.  The 
shaft  diameter  is  always  determined  by  the  size  of  the  transmission  line 
at  the  rotary  joint.  The  most  compact  designing  seldom  allows  reduction 
of  the  inside  diameter  of  the  main  ball  bearings  below  1£  in.  for  scanners 
at  the  3-cm  band.  It  is  less  than  this  for  the  10-cm  band  because  -J-in. 
coaxial  line  may  then  be  used. 

Ball  bearings  are  used  throughout  in  almost  all  scanners.  On  the 
main  shaft  one  bearing  is  often  clamped  and  the  other  left  free  to  slide 
longitudinally  as  differential  expansion  requires.  Differential  expansion 
also  may  be  accommodated  by  the  use  of  one  ball  bearing  and  one  needle 
bearing.  Bearings  of  porous  alloy  impregnated  with  oil  have  been  used 
for  low-speed  shafts,  but  these  tend  to  become  stiff  under  service  con- 
ditions. In  exposed  positions,  shielded  or  grease-sealed  ball  bearings 
are  generally  used;  but  in  protected  locations  and  especially  on  high- 
speed shafts,  it  is  preferable  to  use  open  bearings  and  thereby  reduce 
friction. 
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EXAMPLES  OF  AIRBORNE  SCANNERS 

6-9.  AN/APG-16. — The  7-lb  unit  shown  in  Fig.  6-9  was  designed  by 
General  Electric  Company.  The  smallest  and  simplest  of  the  airborne 
scanners,  it  is  part  of  an  aircraft  gun  sight,  AGS,  radar.1  It  is  attached  to 
a  cannon  in  a  tail  turret  and  enables  the  gunner  to  aim  directly  at  an 
attacking  fighter,  regardless  of  visibility  conditions. 

The  AGS  antenna  consists  of  a  13-in.  paraboloidal  reflector  that  col- 
limates  the  10-cm  energy  from^a  dipole-and-disk  vertex  antenna  feed  arid 


Fia.  (i-9. — A  conically  scanning  unit.      (Courtesy  of  General  Electric  Company.) 


produces  a  beam  25°  to  30°  wide  that  moves  in  a  conical  scan  at  2400  rpm. 
The  feed  is  the  termination  of  a  coaxial  transmission  line  with  an  outside 
diameter  of  £  in.  Although  the  line  is  not  pressurized,  there  is  no  tend- 
ency toward  arcing  at  high  altitudes,  because  the  power  level  of  the  trans- 
mitter is  low.  The  axis  of  the  feed  and  scan  is  parallel  to  the  gun  barrel. 
Generally  speaking,  there  are  at  least  three  distinct  possible  mecha- 
nizations of  conical  scan  (cf.  Sees.  2-17  and  2-18)  by  rotation  of  parts  of 
an  antenna: 

1.  The  fml  may  bo  held  fixed  while  the  reflector,  which  is  slightly 
tilted  to  one  side,  spins  about  an  axis  through  the  feed. 

1  Bert  W.  Weber,  "  Preliminary  Instruct  urn  Manual  for  AN/AP(;-15,"  RL  Report 
No.  M-178B,  Jan-  3,  1945. 
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2.  The  paraboloid  may  be  held  fixed  while  the  feed,  which  is  located 
slightly  to  one  side  of  the  axis  of  the  paraboloid,  spins  in  a  circle 
about  this  axis. 

3.  The  feed  may  be  permanently  located  at  the  focus  of  the  parab- 
oloid, and  the  entire  antenna  spun  about  an  axis  slightly  displaced 
in  angle  from  the  axis  of  the  paraboloid. 

The  AGS  scanner,  or  spinner,  exemplifies  the  first  of  these  motions, 
the  spinning  reflector  being  tilted  about  4°,  producing  a  beam  nearly  8° 
off  axis.  This  method  of  conical  scan  has  the  advantage  of  needing  no 
rotary  joint  in  the  transmission  line. 

The  reflector  is  manufactured  by  spinning  a  0.040-in.  sheet  of  Dow- 
metal  FS-1  magnesium  alloy.  Its  rim  is  turned  back  about  %  in.  for  the 
sake  of  rigidity.  It  is  supported  only  by  being  bolted  to  a  slightly  tilted 
collar  that  is  3  in.  in  diameter  and  mounted  on  the  main  shaft.  Suitable 
weights  attached  to  the  collar  and  to  the  rim  of  the  reflector  remove  the 
dynamic  unbalance  caused  by  the  tilted  attitude  of  the  reflector. 

The  spinning  shaft  is  hollow  so  that  it  can  take  the  transmission  line- 
It  turns  in  two  ball  bearings  and  is  driven  by  a  i-hp  3800-rpm  d-c  motor. 
A  ground  return  is  used,  a  return  lead  being  considered  unnecessary  for  so 
small  a  motor.  The  two  32-pitch  steel  gears,  although  noisy,  have  a 
longer  life  than  the  nonmetallic  pinions  of  the  earlier  models  of  this 
scanner.  By  means  of  a  commutator  on  the  main  shaft,  voltages  that  are 
applied  to  the  indicator  signify  within  which  quadrant  is  the  attitude  of 
the  spinning  reflector.  The  commutator  carries  four  slip  rings  made  of 
coin  silver — one  continuous,  the  other  three  broken — and  is  molded  in  a 
single  piece  by  the  polymerization  and  solidification  of  the  plastic  cylinder 
that  supports  the  rings.  The  brushes  are  made  of  silver  graphite  and  are 
easily  replaceable. 

The  aluminum-alloy  base  of  the  scanner  supports  the  motor  parallel 
to  the  main  shaft.  The  base  is  mounted  to  a  cast  support  arm,  hung  on 
the  yoke  that  carries  the  cannon.  The  scanner  is  enclosed  in  a  spherical 
case,  one  hemisphere  of  which  is  steel;  the  other  is  the  radomc,  made  of 
Fiberglas  laminated  with  a  resin.  The  r-f  line  leading  to  the  scanner  is  a 
flexible  coaxial  cable  which  allows  relative  motion  between  the  gun  and 
the  transmitter-receiver  unit  of  the  radar. 

6-10.  Large  (10-cm)  Experimental  Scanner. — The  largest  airborne 
mechanical  scanner  so  far  used  is  simple.  The  axis  of  the  beam  does  not 
have  to  be  elevated  or  depressed;  the  scanner  merely  revolves  at  6  rpm. 
The  scanner  is  shown  in  Fig.  6-10.  Its  weight  is  about  190  Ib. 

The  reflector  is  a  paraboloid  8  ft  in  diameter  and  is  trimmed  to  a 
roughly  elliptical  shape  3  ft  high  to  permit  streamlining  the  radomc  and 
to  allow  clearance  of  the  ground  in  landing.  Radiation  of  about  10-cm 
wavelength  is  used,  resulting  in  a  beam  width  of  3.5°  in  azimuth  and  8°  in 
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elevation.  The  reflector  is  illuminated  by  horizontally  polarized  waves 
that  issue  directly  from  the  end  of  a  rectangular  waveguide  flared  into  a 
rectangular  horn  1.751  in.  wide  and  8.474  in.  high  at  the  mouth. 

The  face  of  the  reflector  is  a  single  sheet  of  0.040-in.  24ST  aluminum 
alloy  that  has  been  stretch-formed  to  shape.  It  is  made  rigid  by  means  of 
a  0.051-in.  61SW  aluminum  alloy  backing  sheet  into  which  a  waffle  pat- 
tern has  been  indented  in  a  hydropress.  The  softer  alloy  is  required  in 


(IJG.  ti-10.     Laige  airborne  .scanner  with  an  8-ft  reflector. 


order  to  avoid  tearing  the  metal  in  forming  the  indentations,  which  are 
2£  in.  deep.  The  concave  side  of  the  backing  sheet  has  the  same  curva- 
ture as  the  rear  of  the  reflector  sheet  to  which  it  is  riveted.  For  conven- 
ience, the  backing  sheet  is  made  in  three  sections.  The  center  section 
forms  a  part  of  the  box  beam  made  of  curved  sheet  aluminum  alloy  that 
serves  as  the  support  bracket.  The  mechanical  design,  tooling,  and 
manufacture  of  this  reflector  were  carried  out  by  the  aircraft  industry, 
in  close  collaboration  with  the  Radiation  Laboratory.  The  weight  is 
43  Ib,  or  slightly  over  2  lb/ft2. 
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The  feed  horn  is  formed  by  electroplating.  A  precision  casting  of  a 
base  alloy,  Cerrobase,  is  first  heavily  plated  with  iron.  The  base  is 
then  melted  away,  leaving  a  strong  iron  shell  that  is  internally  smooth 
and  precisely  in  the  shape  of  the  feed  and  associated  waveguide.  To 
prevent  corrosion  of  the  feed,  a  coating  of  nickel  is  electrodeposited  both 
before  and  after  the  deposition  of  the  iron.  A  Cerex  (Monsanto  Chemical 
Company)  plastic  cup,  bolted  to  an  external  flange  on  the  horn,  hermeti- 
cally seals  the  feed. 

The  two  ball  bearings  in  which  the  main  shaft  of  the  scanner  turns  are 
fastened  to  the  scanner  base,  which  is  an  aluminum  gear  box  16  by  22  by 
4  in.,  that  has  a  cover  and  four  feet  for  mounting.  The  i-hp  7500-rpm  d-c 
motor  and  the  data  take-offs  are  mounted  on  the  cover.  Steel  spur 
gearing  is  used  throughout,  except  that  the  gear  that  meshes  with  the 
motor  pinion  is  of  fiber.  There  are  four  pairs  of  gears.  The  first  three 
are  calculated  for  resistance  to  wear,  and  the  fourth,  for  strength  at  the 
maximum  expected  load.  The  assembly  is  blind  but  not  troublesome. 
The  lubricant  is  a  low-temperature  oil,  splashed  for  distribution  to  the 
upper  bearings  and  sealed  against  leakage  at  the  lower  main  bearing  by 
means  of  a  leather  ring  seal  reinforced  with  steel  springs.  The  proposed 
use  of  magnesium  in  place  of  aluminum  as  the  material  of  the  gear  box  will 
reduce  the  weight  of  the  scanner  by  about  14  b. 

In  addition  to  the  circular  scan  at  6  rpm,  there  is  provision  for  sector 
scan  whose  position  is  controllable  and  whose  width  may  be  selected  at 
any  value  between  15°  and  150°.  The  oscillating  motion  through  the 
sector  is  produced  by  the  reversal  of  a  motor  that  is  controlled  by  a 
voltage  generated  in  a  synchro  geared  to  rotate  in  synchronism  with  the 
antenna.  The  synchro  gear  is  split  and  spring-loaded  to  prevent  back- 
lash. The  shock  of  starting  and  reversing  the  motor  is  softened  by  a 
resistor  that  is  connected  in  series  with  the  motor  each  time  the  circuit 
closes  and  then  automatically  cut  out  after  a  suitable  time  delay. 

Instead  of  coaxial  line  which  is  usual  in  10-cm  airborne  systems, 
waveguide  is  used  because  of  the  higher  transmitted  power  that  might 
cause  arcing  in  a  coaxial  line.  To  enable  rotation  of  the  antenna,  a 
coaxial  rotary  joint  of  the  type  illustrated  in  Fig.  3-1  is  provided  at  the 
main  axis  of  the  scanner.  The  joint  can  pass  about  1.5  Mw  of  r-f  pulse 
power  without  arcing.  Two  pressure  seals  in  series  give  double  assurance 
of  hermetic  sealing  of  the  rotary  joint.  Each  depends  on  the  sliding 
contact  between  a  ring  of  rubber  compound  and  the  outside  of  a  cylin- 
drical member  of  polished  steel.  The  rings  rotate  with  the  antenna,  and 
the  steel  member  is  attached  to  the  stationary  part  of  the  outer  conductor 
of  the  coaxial  portion  of  the  transmission  line. 

On  the  cover  of  the  gear  box,  in  addition  to  the  synchro  already  men- 
tioned there  is  an  Arma  resolver  whose  armature  also  rotates  at  single 
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speed,  its  gear  being  split  and  spring-loaded,  and  a  10-speed  synchro.  A 
spare  location  for  an  additional  single-speed  data  take-off  is  provided  for 
unforeseen  needs. 

8-11.  AN/APQ-13  (60-in.).— This  scanner  (Fig.  6-11)  is  part  of  a 
3-cm  radar  set  used  for  navigation  and  bombing.  It  is  mounted  under 
the  wing  spar  of  a  B-29  airplane  between  the  bomb  bays.  The  60-in. 
antenna  is  a  recent  development.  The  scan  can  be  circular  at  about  24 


Fio.  6-11. — Installation  of  60-in.   antenna  on  a  B-29.     The  antenna,  protrudes  only  4  in. 
below  the  keel  line  but  was  later  lowered  to  7  in.  to  reduce  mteireption  of  the  beam. 

rpm  or  in  a  45°  sector  at  55  cpm.  The  sector  scan  is  controlled  electron- 
ically, the  center  of  the  sector  being  adjustable  from  —70°  to  +70° 
relative  azimuth. 

In  an  older  version,1  shown  in  Fig.  6-2,  there  was  a  29-in.  paraboloid, 
distorted  to  produce  a  cosecant-squared  beam.  .  This  was  replaced  on 
the  same  pedestal  by  the  present  60-in.  antenna. 

A  shunt-wound  main  motor  drives  the  antenna  through  a  worm  and 
spur  gear  train  at  about  24  rpm.  As  viewed  from  above,  the  rotation  is 
clockwise.  The  gearing  is  enclosed  and  greased,  with  the  exception  of 
the  last  pair,  which  is  open.  The  exposed  bronze  ring  gear  suffers  exces- 
sive wear  under  some  conditions.  In  sector  scanning,  the  motor  is 

1  "Preliminary  Instructions  for  Radar  Set  AN/APQ-13,"  War  Training  Book 
WTB-38. 
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dynamically  braked  before  each  reversal  by  means  of  a  resistor  shunted 
across  the  armature  for  a  short  time.  Although  most  of  the  transmission 
line  is  waveguide,  the  azimuth  rotary  joint  is  a  coaxial  section  that  is 
hermetically  sealed  as  described  in  Sec.  6-10.  A  heater  that  surrounds 
the  rotary  joint  prevents  the  rubber  from  leaking  or  frosting  to  the  steel 
at  low  ambient  temperatures. 

The  ring  gear  drives  two  azimuth  data  take-offs.  One  of  these  is  a 
synchro  generator  geared  to  rotate  at  ten  times  the  antenna  speed.  This 
generator  actuates  a  synchro  motor  and  a  1/10  gear  reduction  at  the 
indicator  to  rotate  the  deflection  coils1  of  the  cathode-ray  tube  in  syn- 
chronism with  the  antenna.  With  AN/APQ-13,  as  with  several  other 
systems,  two  such  indicators  are  provided.  The  other  take-off,  used  to 
control  the  sector  scan,  is  a  toroidally  wound  potentiometer  with  brushes 
that  rotate  in  synchronism  with  the  antenna. 

The  nose  of  the  cosecant-squared  fan  beam  of  radiation  can  be  tilted 
between  10°  above  the  horizontal  and  30°  below.  A  motor  and  gear 
train  mounted  on  the  scanner  base  supply  the  power  for  this  adjustment. 
Also  attached  to  the  scanner  base  is  a  unit  that  transmits  the  elevation 
data  of  the  beam  angle  to  the  operator's  station.  This  unit  is  a  toroidally 
wound  potentiometer  with  three  equally  spaced  taps.  Current  is  sup- 
plied by  diametrically  opposed  brushes,  one  of  which  is  grounded  and  the 
other  held  at  27.5  volts  direct  current.  The  sensitive  element  in  the 
control  panel  is  a  permanent  magnet,  connected  to  a  pointer,  which  takes 
a, position  that  depends  on  the  currents  in  three  identical  coils  connected 
in  A  to  the  tajjs  of  the  transmitting  potentiometer. 

Slip  rings  are  provided  on  the  scan  axis  in  order  to  supply  power  to 
the  AN/APA-15  line-of-sight  stabilization  attachment  (Sec.  7-10)  when 
this  attachment  is  required. 

The  pedestal,  as  thus  far  described,  supports  either  the  old  antenna 
(Fig.  6-2)  or  the  new  shaped  cylindrical  antenna  (Fig.  6-11).  The  CO-in. 
reflector  for  this  antenna  is  a  curved  aluminum  sheet  with  a  vertical 
aperture  of  12  in.  As  seen  from  the  end,  this  sheet  is  roughly  parabolic, 
although  the  upper  portion  of  it  is  curved  more  than  a  parabola  so  that 
some  energy  can  be  distributed  in  the  cosecant-squared  fan  below  the 
nose  of  the  beam.  A  horizontal  aluminum  shelf  1^  in.  wide,  attached 
along  the  lower  edge  of  the  reflector,  improves  the  uniformity  of  the 
ground  echoes.  The  lower  corners  of  the  reflector  are  trimmed  to  permit 
good  aerodynamic  design  of  the  radome. 

The  reflector  is  illuminated  by  the  horizontally  polarized  radiation 
from  a  pillbox  60  in.  long.  At  the  focus  of  the  pillbox  is  the  end  of  a 
waveguide  that  directs  the  microwaves  in  the  7T7£-mode  toward  the  para- 
bolic rear  wall  of  the  pillbox.  This  waveguide,  which  is  made  flexible  to 

1  Cathode-ray  Tube  Displays,  Vol.  22,  Chap.  10,  Radiation  Laboratory  Series, 
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facilitate  installation,  is  connected  to  the  azimuth  rotary  joint.  Its 
termination  is  hermetically  sealed  by  a  mica  window  and  a  gasket.  The 
beamwidth,  which  is  determined  by  the  pillbox  and  unaltered  by  the 
reflector,  is  1.3°.  In  elevation,  the  beam  is  roughly  cosecant-squared 
between  depression  angles  of  5°  and  70°. 

The  reflector  is  a  sheet  of  24ST  aluminum  alloy  0.040  in.  thick.  It  is 
accurately  stretch-formed  and  then  held  to  the  correct  curvature  by 
being  riveted  to  six  identical  accurately  stamped  flanged  ribs.  A  second 
sheet  with  large  flanged  lightening  holes  is  riveted  to  the  ribs  to  form 
the  back  of  a  box  beam.  The  ends  of  this  beam  are  supported  in  ball 
bearings  that  allow  the  tilt  link  to  control  the  depression  angle  of  the 
radiation. 

The  two  parallel  sheets  of  the  pillbox  are  also  of  24ST  aluminum  alloy 
0.040  in.  thick.  They  are  spaced  1 .23  in.  ( ±0.010  in.)  apart  by  means  of 
36  aluminum  posts  A  in.  in  diameter.  Since,  with  the  Tfi-mode  used, 
the  electric  field  in  the  pillbox  is  horizontal,  almost  no  r-f  current  is 
excited  in  the  posts  and  they  have  little  electrical  effect.  The  pillbox 
does  not  tilt  with  the  reflector  but  is  held  by  the  same  sheet  metal  support 
that  is  bolted  to  the  revolving  member  of  the  pedestal  and  holds  the 
bearings  for  the  reflector. 

The  original  scanner  weighed  75  Ib,  and  the  support  for  mounting  it 
on  a  B-29  weighed  14  Ib.  An  earlier  mechanism  that  allowed  partial 
retraction  of  the  scanner  and  radome  weighed  133  Ib.  With  the  present 
antenna,  the  scanner  weighs  83  Ib,  and  its  support  weighs  36  Ib.  A 
vertical  aluminum  windshield  that  is  installed  immediately  behind  the 
forward  bomb  bay  of  the  B-29  extends  from  the  skin  of  the  fuselage  to 
the  wing  spar  and  protects  the  scanner  from  the  wind  when  the  bomb  bays 
are  open.  Two  favorable  features  of  the  new  antenna  are  that  its  beam- 
width  is  less  than  half  that  of  the  older  one  and,  because  it  is  only  12  in. 
high,  its  protrusion  below  the  keel  of  the  airplane  need  not  exceed  7  in. 

6-12.  Experimental  Stabilized  Scanner  for  1-cm  Radar. — This  exam- 
ple of  scanner  design,  shown  in  Fig.  6-12,  differs  in  several  respects  from 
those  discussed  in  preceding  sections.  It  is  a  stabilized  sector  scanner 
designed  for  1-cm  band  operation.  Because  compactness  is  required, 
the  r-f  head  that  contains  the  receiver  and  part  of  the  transmitter  is 
rigidly  mounted  to  the  scanner  directly  behind  it.  The  scanner  is  there- 
fore shock-mounted.  The  weight  of  the  scanner  system  and  stabiliza- 
tion servomechanism  is  about  70  Ib,  exclusive  of  the  gyro  and  r-f  head. 
The  castings  for  the  mounting  base  are  of  Dowmetal  H  magnesium  alloy. 
The  ball  bearings  are  pressed  directly  into  these  castings,  with  the  expec- 
tation that  no  serious  electrolytic  corrosion  will  ensue.  The  antenna 
consists  of  a  shaped  cylindrical  reflector  and  pillbox  and  resembles  that  of 
AN/APQ-13  described  in  Sec.  6-11. 
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The  scanner  is  mounted  in  a  forward  location,  housed  in  a  radome 
that  is  24  in.  in  diameter  and  symmetrical  about  a  fore-and-aft  axis.  The 
reflector  is  only  17  in.  wide  and  10  in.  high,  because  within  the  24-in. 
nacelle  the  antenna  must  have  sufficient  scanning  clearance,  with  due 
allowance  made  for  vibration.  The  face  of  the  reflector  is  a  sheet  of 
re-in.  aluminum  alloy  rolled  to  the  correct  curvature,  made  rigid  by 
bulb  section  extrusions  that  reinforce  the  upper  and  lower  edges  and  by 


1|AIU.  U-12.— A  stabilised  .si-rlor  .scanner  for  Iho  1-cin  baud.      The  reflector  ia  10  in.    high. 
(Courtesy  of  Philco  Corporation.) 

two  wide  stamped  flanged  ribs  that  are  riveted  to  the  back  edge.  A  wide 
flanged  tube  to  which  the  bulb  sections  and  the  ribs  are  riveted  serves 
as  a  torsion  box  to  prevent  warping  of  the  reflector.  Since  the  pillbox 
emits  radiation  that  is  polarized  perpendicularly  (TEM-mode)  to  its 
sheets  and  cannot  therefore  contain  spacer  posts,  these  sheets  must  be 
accurately  flat  and  parallel;  they  are  made  of  A-in.  aluminum  alloy 
reinforced  externally  with  bulb  sections.  The  termination  of  the  wave- 
guide at  the  focus  of  the  pillbox  is  hermetically  sealed  with  a  glass  window 
whose  platinized  edges  are  soldered  to  the  brass  edges  of  the  termination. 
The  beam  is  1.7°  wide  in  azimuth  and  is  a  cosecant-squared  fan  in  eleva- 
tion. Stabilization  is  achieved  by  tilting  the  reflector  about  an  axis 
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that  is  parallel  to  its  length  and  just  above  and  behind  its  center.  This 
tilting  is  actuated  through  a  crank  arm  and  link  by  a  servomechanism 
controlled  by  a  gyroscope  located  near  the  scanner.  Since  the  pillbox 
does  not  tilt,  no  rotary  joint  is  needed  at  the  elevation  axis.  The  reflec- 
tor tilts  ±18°,  causing  a  beam  tilt  of  ±30°,  the  ratio  of  reflector  tilt  to 
beam  tilt  being  fixed  by  the  choice  of  tilt  axis. 

The  azimuth  motor,  rated  at  about  i  hp,  drives  the  antenna  through 
an  enclosed  and  greased  train  of  spur  gears.  Sector  scanning  is  accom- 
plished by  reversing  the  motor  with  no  attempt  made  to  soften  the  shock. 
The  antenna  scans  through  its  sector  at  the  rate  of  20  rpm  or,  alter- 
natively, 7£  rpm  if  the  resistance  in  series  with  the  armature  is  increased. 
The  150°  sector  is  scanned  forty-two  or  twelve  times  per  minute,  appreci- 
able time  being  required  for  reversal.  A  60°  sector,  which  can  be  oriented 
at  will,  may  be  scanned  at  ninety-seven  or  thirty  times  per  minute. 

The  vertical  dimension  of  the  main  bearing  in  this  scanner  is  reduced 
by  replacing  the  more  usual  pair  of  bearings  with  a  single  10-iri.  disk  whose 
edge  is  supported  by  three  equally  spaced  rollers.  (A  similar  roller 
bearing  is  described  in  Sec.  3-0  under  "Azimuth  Driving  Mechanism.") 
Power  is  supplied  to  the  tilt  servomotor  and  its  spur  gear  train,  which 
are  mounted  on  the  sector-scanning  portion  of  the  assembly,  through  ten 
concentric  slip  rings  that  are  attached  to  the  main  bearing  disk.  The 
spring-loaded  gear  train  that  drives  the  data  take-offs  is  mounted  on 
Oilite  bearings  in  the  main  gear  case. 

The  scanner  is  equipped  with  two  synchros  for  take-offs,  and  a  place 
is  provided  for  an  additional  take-off.  One  of  the  synchros,  previously 
described  in  Sec.  (V7,  is  used  as  a  resolver  for  controlling  the  sweep  volt- 
ages in  the  indicator.  A  sine-cosine  resolver,  whose  rotor  turns  with  the 
antenna,  is  also  provided  for  the  stabilization  system.  A  further  dis- 
cussion of  the  stabilization  of  this  scanner  will  be  found  in  Sec.  7-11. 

The  Mechanical  Resonant  Scanner. — A  novel  approach  to  the  problems 
of  a  sector  scanner  resulted  in  the  development  of  the  mechanical  resonant 
scanner,  MRS.1  It  has  a  scan  rate  of  nearly  6  cps  (or  12  "looks"  per 
second) .  The  sector  of  scan  is  centered  in  the  direction  of  flight,  and  its 
width  can  be  adjusted  continuously  between  10°  and  155°.  The  17-in. 
antenna  is  essentially  as  described  above.  During  operation,  the  reflec- 
tor can  be  tilted  to  elevate  the  nose  of  the  cosecant-squared  beam  from  20° 
below  to  10°  above  the  horizon.  The  data  transmitter  is  a  resolver.  The 
total  weight  is  35  Ib.  Only  one  model,  illustrated  in  Fig.  6-13,  has  been 
constructed. 

A  tuned  spring  system  that  exerts  a  torque  on  the  azimuth  axis, 
thereby  tending  to  hold  the  antenna  at  the  center  of  the  sector  to  be 

1  D.  B.  Nichinson,  "Mechanical  Resonant  Scanner,"  RL  Report  No.  782,  Mar.  13, 
1946. 
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scanned,  produces  the  high  rate  of  scan.  By  reversing  at  the  resonant 
frequency  of  the  antenna  and  spring  system,  a  motor  that  is  geared  to 
the  azimuth  torque  tube  supplies  energy  to  the  oscillating  antenna  and 
sustains  the  amplitude  of  its  scan.  Two  coiled  springs,  connected  at  one 
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1- speed  synchro  train 


PPI  synchro 


velocity  switch 


Ratchet  mechanism 
for  reflector  tilt  control 


Reflector ' 
FIG.  6-13. — Cut-away  perspective  view  of  mechanical  resonant  scanner. 

end  to  arms  attached  to  the  torque  tube  and  at  the  other  end  to  the 
scanner  base,  are  so  located  as  to  provide  a  good  approximation  to  simple 
harmonic  motion. 

The  reversals  of  the  motor  occur  just  as  the  extremes  of  the  sector 
scan  are  reached  and  arer  controlled  by  a  single-pole  single-throw  velocity 
switch  that  is  actuated  through  a  light  slip  clutch  by  the  angular  velocity 
of  the  antenna.  The  switch  controls  a  reversing  relay  in  the  d-c  power 
line  to  the  motor  and  assures  proper  timing  of  the  power  reversals.  A 
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synchro  that  is  geared  to  the  resolver  previously  mentioned  provides 
azimuth  information  to  a  control  box  that  cuts  off  the  current  to  the 
motor  as  the  antenna  approaches  the  end  of  each  half  swing  and  reener- 
gizes it  for  reversal  after  the  backswing  has  started.  In  this  way,  the 
motor  is  protected  against  stall  currents,  and  the  motor  current  is  off 
each  time  the  reversing  relay  is  thrown.  The  angle  at  which  the  current 
is  cut  off  can  be  adjusted  by  means  of  a  potentiometer  in  the  control  box, 
thus  permitting  variation  of  the  amplitude  of  the  scan.  Typically,  the 
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FIG.  6-14. — Partial*  schematic  layout  of  mechanical  resonant  scanner  showing  elevation 

mechanism. 

duty  ratio  of  the  motor  is  about  50  per  cent,  and  its  average  power  output 
is  about  50  watts. 

A  very  simple  motorless  method  of  elevation  control  is  illustrated  in 
Fig.  6-14.  The  elevation  gear  train  and  connecting  link  are  carried  on 
the  lower  end  of  the  torque  tube.  The  input  gear  of  this  train  is  con- 
centric with  the  torque  tube,  friction  preventing  its  easy  rotation  in 
relation  to  the  oscillating  torque  tube.  On  the  scanner  base  there  is  a 
pawl  that  prevents  clockwise  rotation  when  it  is  pressed  against  the  gear 
by  a  solenoid  but  allows  counterclockwise  movement  in  relation  to  the 
base  as  the  antenna  oscillates.  Another  pawl,  similarly  controlled, 
alternatively  prevents  counterclockwise  rotation.  Thus,  the  reflector 
can  be  elevated  or  depressed  by  energizing  one  or  the  other  solenoid.  A 
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tilt  potentiometer  take-off,  with  its  leads  connected  to  pigtails  in  lieu  of 
slip  rings  at  the  azimuth  axis,  is  mounted  on  the  oscillating  structure. 

Backlash  is  eliminated  from  the  gear  train  by  splitting  and  spring- 
loading  critical  gears.  With  this  scanner,  as  with  all  sector  scanners,  a 
simpler  arrangement  would  be  to  load  the  last  gear  of  the  train  with  a 
coil  spring,  which  would  remove  backlash  from  the  entire  train. 

6-13.  AN/APS-6.— The  AN/APS-6  scanner,  shown  in  Figs.  6-15  and 
6-16,  is  mounted  in  a  forward-looking  location.  It  is  used  for  locating 
enemy  airplanes  and  determining  their  range,  relative  azimuth  angle, 


I'lc.  6-16.-  -A  .scunner  with  an  iS-in.  antenna,  shown  looking  stiuight  iorwiird.  This 
scanner  directs  its  beam  spirally  to  cover  a  120°  coiio  centered  in  the  direction  of  flight. 
(Courtesy  of  Dalmo  Victor,  Inc.) 

and  relative  elevation  angle.  A  spiral  scan  is  used;  the  axis  of  spin  is 
nearly  parallel  to  the  direction  of  the  fixed  guns  of  the  airplane.  One 
turn  of  the  spiral  is  described  in  ^V  sec.  In  1  sec  the  entire  circular  field 
is  solidly  covered  from  its  center  dead  ahead  to  its  perimeter  at  60°  up, 
right,  down,  and  left.  A  5°  beam  at  the  3-cm  band  is  formed  by  a  17^-in. 
paraboloid.  The  scanner,  engineered  by  Dalmo  Victor,  Inc.,  weighs 
about  50  Ib. 

A  motor,  whose  power  output  is  rated  400  watts  at  6000  rpm,  is 
mounted  on  the  aluminum  scanner  base  and  spins  the  antenna  through 
a  5/1  steel  spur  gear  reduction.  The  gear  case  is  oil  filled  and  has  oil 
seals  that  absorb  over  100  watts  of  the  mechanical  power.  A  small  two- 
phase  permanent-magnet  sine- wave  generator,  driven  synchronously  with 
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the  antenna,  provides  voltages  that  indicate  the  spin  angle.1  A  push 
tube  that  is  concentric  with  the  spin  axis  is  driven  longitudinally  with 
harmonic  motion  by  a  crank  and  worm  gearing,  also  actuated  by  the 
motor.  The  time  for  a  complete  cycle  of  this  motion  is  4  sec.  An 
exposed  rack  that  is  carried  at  the  forward  end  of  the  push  tube  engages  a 
pinion  to  which  it  imparts  an  oscillatory  motion  about  the  nod  axis  that 
intersects  the  spin  axis  at  a  right  angle.  The  antenna  is  mounted  so 
that  it  rotates  through  +  60°  in  relation  to  the  nod  axis,  and  it  oscillates 
harmonically  through  this  angular  range  because  of  its  rigid  attachment 
to  the  pinion. 

Because  the  push  tube  spins  but  the  mechanism  actuating  its  motion 
does  not  spin,  a  thrust  bearing  is  provided  at  the  rear  of  the  push  tube. 
A  rack  attached  to  the  mechanism  actuating  the  push  tube  engages  a 
pinion  on  the  shaft  of  the  toroidally  wound  potentiometer  that  serves  as 
the  data  take-off  for  the  nod  angle  of  the  antenna.' 

The  r-f  transmission  line  necessarily  has  two  rotary  joints;  these  use 
the  TAfoi-mode  of  propagation.  The  use  of  coaxial  joints  is  avoided 
because  of  the  difficulties  encountered  in  their  manufacture.  The  spin 
axis  is  hermetically  sealed  by  the  sliding  contact  between  a  ring  of  polished 
carbon  and  one  of  polished  steel,  the  carbon  ring  being  spring-loaded 
against  the  steel  ring.  This  type  of  seal  is  advantageous  for  high  speed. 
Although  the  rotary  joint  at  the  nod  axis  spins  bodily  at  1200  rpm,  the 
relative  motion  of  its  parts  is  slow.  The  carbon-on-steel  type  of  seal  is 
therefore  not  necessary  at  the  nod  joint,  and  use  is  made  of  a  simpler 
type,  similar  to  those  with  a  single  rubber  ring,  as  described  in  Sec.  6-10. 
The  r-f  line  passes  through  the  vertex  of  the  paraboloid  and  ends  at  the 
focus  in  the  hermetically  sealed  antenna  feed  (cf.  Fig.  6-4)  that  directs 
the  radiation  back  toward  the  paraboloid.  The  17i-in.  diameter  parab- 
oloid is  spun  from  aluminum  of  A-in.  thickness  and  has  a  supporting 
structure  11£  in.  in  diameter. 

In  addition  to  spiral  scan,  AN/APS-6  also  affords  conical  scan.  For 
conical  scan  it  is  necessary  only  to  halt  the  nodding  motion  when  the 
antenna  is  about  3°  away  from  the  straight-ahead  position.  This  is 
accomplished  by  actuating  a  solenoid,  which  introduces  an  obstruction  to 
the  oscillation  of  the  push  tube.  The  slip  clutch  provided  in  the  gear 
train  that  rotates  the  crank  mentioned  above  is  necessary  in  order  to 
prevent  breakage  when  the  solenoid  is  energized. 

A  part  of  the  power  developed  in  the  motor  is  dissipated  by  windage 
as  the  antenna  spins.  A  test  conducted  in  an  altitude  chamber  at  room 
temperature  showed  current  requirements  of  24.5  amp  at  sea  level  and 

1  The  indicator  circuits  for  the  three-dimensional  display  on  the  oscilloscope  are 
described  in  Cathode-ray  Tube  Displays,  Vol.  22,  Sec.  14-2,  Radiation  Laboratory 
Series. 
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22  amp  at  a  pressure  equal  to  that  at  an  altitude  of  about  21,000  ft.  The 
losses  due  to  windage  are  reduced  when  the  scanner  is  installed  in  a  closely 
fitting  symmetrical  radome  on  the  leading  edge  of  an  airplane  wing. 

It  is  obvious  that  the  rotating  part  of  the  AN/APS-6  scanner  must  be 
well  balanced.  This  requirement  could  be  met  easily  were  it  not  that 
the  slow  nodding  of  the  antenna  constitutes  an  internal  motion  within 
the  spinning  assembly  that  must  be  compensated  to  assure  balance, 
regardless  of  the  nod  angle  of  the  antenna.  Briefly,  the  assembly  con- 
sisting of  the  nodding  antenna  and  the  parts  that  are  rigidly  attached  to 
it  must  be  dynamically  equivalent  to  a  solid  of  revolution  whose  axis  is 
the  axis  of  nod.  If,  then,  the  entire  structure,  which  rotates  at  1200  rpm, 
is  in  dynamic  balance  when  the  antenna  is  at  some  one  nod  angle,  it  will 
be  in  balance  for  all  other  nod  angles.  A  step-by-step  routine  for  balanc- 
ing the  scanner  was  developed  in  collaboration  with  Gisholt  Machine 
Company,  which  has  produced  balancing  machines  for  this  specific  pur- 
pose, and  with  Dalmo  Victor,  Inc.,  which  has  since  further  refined  the 
balancing  routine.  The  scanner  is  designed  so  that  there  are  18  points  of 
attachment  for  special  lead  washers;  the  balancing  machine  is  calibrated 
in  terms  of  their  weight. 

Dalmo  Victor,  Inc.,  is  now  developing  a  scanner  that  meets  per- 
formance specifications  similar  to  those  for  AN/APS-6  but  is  more 
versatile,  draws  less  power,  and  weighs  several  pounds  less  than  the 
AN/APS-6  scanner. 

6-14.  AN/APQ-7  (Eagle). — One  method  of  obtaining  high  resolution 
in  an  airborne  radar  set  is  to  use  a  long,  narrow  scanner  fitted  into  the 
leading  edge  of  a  wing  or  carried  in  a  streamlined  auxiliary  vane  mounted 
transversely  below  the  fuselage.  Such  a  scanner  must  employ  a  method 
of  scanning  that  does  not  require  the  entire  antenna  structure  to  be 
moved. 

The  Eagle  scanner,1  which  is  mounted  in  a  streamlined  vane  beneath 
the  fuselage  of  a  medium  bomber,  as  shown  in  Fig.  6-17,  represent  a  suc- 
cessful device  of  this  type.  By  the  end  of  the  war,  over  2000  Eagle 
scanner  units  had  been  produced  under  Western  Electric  Company,  Inc., 
contract  at  Ex-Cell-O  Corporation  and  American  Machine  and  Foundry 
Company.  About  300  were  installed  in  B-24's,  B-17's,  and  B-29's  during 
the  war.  The  research  and  early  development  work  were  done  at  the 
Radiation  Laboratory;  later  development  and  production  engineering 
were  carried  on  jointly  by  the  Bell  Telephone  Laboratories  and  the 
Radiation  Laboratory.  The  streamlined  vane  was  engineered  and  pro- 
duced by  Douglas  Aircraft  Company,  Inc. 

1L.  W.  Alvarez,  "Microwave  Linear  Radiators,"  KL  Report  No.  366,  July  31, 
1942;  R.  M.  Robertson,  "Variable  Width  Waveguide  Scanners  for  Eagle  and  GOA," 
RL  Report  No.  840,  Apr.  30,  1946. 
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Figure  6-18  shows  the  Eagle  scanner,  its  array  of  250  dipoles  fed  by  a 
waveguide  of  variable  width.  At  about  3  cm,  the  operating  wavelength 
of  the  Eagle  system,  the  full  width  of  the  beam  at  half  power  is  0.4°  to 
0.5°  in  azimuth.  The  beam  is  wide  in  elevation  (full  width  at  half  power  is 


on  ft 


FIG.  G-18. — Left  end  view  of  an  Eagle  scanner. 

about  30°)  and  is  shaped  to  give  approximately  uniform  return  from 
ground  targets. 

The  formation  of  a  narrow  beam  of  radiation  by  the  dipole  array  is 
similar  to  the  action  of  an  ordinary  broadside  antenna  array  and  to  the 
diffraction  of  a  beam  of  light  by  a  flat  diffraction  grating.  The  beam 
radiated  by  the  Eagle  scanner  lies  at  an  azimuth  determined  by  the  spac- 
ing of  the  dipole  radiators  and  by  the  common  r-f  phase  difference  between 
successive  dipoles.  The  dipoles  shown  in  Fig.  6-19  are  mounted  on  a 
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16-ft  length  of  waveguide,  and  each  one  is  energized  by  a  probe  that 
penetrates  slightly  into  the  guide.  Alternate  dipoles  are  reversed  by 
180°  to  give  a  spacing  less  than  the  wavelength  in  air  and  hence  to  elimi- 
nate higher  order  lobes  in  the  pattern.  (Despite  this  reversal,  adjacent 
dipoles  radiate  approximately  in  the  same  phase  because  their  spacing  S 
is  approximately  half  the  wavelength  of  the  energy  in  the  variable  guide.) 
The  beam  can  be  made  to  scan  in  azimuth  if  the  relative  phases  of  the 


FIG.  6-19. — Dipoles  mounted  on  an  h,u,gle  brainier . 

dipoles  are  varied.  In  the  Eagle  scanner  this  is  effected  by  changing 
the  width  a  of  the  waveguide.  The  azimuth  angle  0  is  determined  by  the 
relation 


sm  v  = 


where  X  is  the  wavelength  in  free  space  and  0  is  positive  when  the  beam  is 
in  the  end-fire  direction. 

If  all  the  dipoles  are  excited  in  the  same  phase,  the  beam  is  broadside 
to  the  array  and  directed  straight  ahead  of  the  airplane.  With  the  dipole 
spacing  and  wavelength  used,  this  occurs  when  the  inside  width  of  the 
guide  is  1.200  in.  If  the  guide  is  narrowed  to  0.660  in.,  the  beam  moves 
30°  toward  the  back-fire  direction.  When  the  energy  is  propagated  in 
the  waveguide  from  left  to  right,  then  as  the  width  of  the  waveguide  is 
decreased  between  the  limits  mentioned  and  is  increased  again,  the  beam 
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scans  from  straight  ahead  to  30°  to  the  left  and  back  again.  When  the 
waveguide  carries  the  energy  from  right  to  left,  the  scan  extends  for  30° 
to  the  right  of  the  center  line  of  the  airplane.  By  feeding  energy  into 
the  alternate  ends  of  the  waveguide,  a  total  scanning  range  of  60°  is 
realized  in  the  Eagle  scanner. 

The  waveguide  of  variable  width  consists  fundamentally  of  two 
L-shaped  sections  that  fit  together  to  form  a  rectangle.  A  longitudinal 
system  of  chokes  (see  cross  section  in  Fig.  6-21)  prevents  the  energy  from 
leaking  out  at  the  breaks  in  the  wall  of  the  waveguide.  The  total  loss  in 
the  guide  before  insertion  of  dipoles  is  less  than  0.5  db  per  meter. 

Two  scanners  similar  to  the  Eagle  scanner  are  used  together  in  the 
AN/MPN-1  (ground  control  of  approach,  GCA)  system1  for  precision 
location  of  aircraft  in  azimuth  and  elevation.  The  14-ft  height-finding 
scanner  has  a  beamwidth  of  about  0.5°  in  elevation,  and  the  8^-ft  azimuth 
scanner  has  a  beamwidth  of  about  0.8°. 

When  the  Eagle  scanner  was  being  developed,  there  was  a  reasonable 
doubt  that  a  long  scanning  array  of  this  kind  was  practicable.  For- 
tunately, many  of  the  anticipated  difficulties  did  not  materialize,  and 
those  which  did  were  successfully  overcome.  It  was  found,  for  example, 
that  the  principal  problem  in  realizing  satisfactory  azimuth  radiation 
patterns  was  to  obtain  correct  r-f  phasing  of  the  dipole  array.  Random 
phase  errors  occurring  over  lengths  of  a  few  dipoles  had  a  negligible  effect 
as  compared  with  systematic  phase  errors  occurring  over  a  considerable 
fraction  of  the  length  of  the  array.  Attention  was  therefore  focused  on 
the  problem  of  preventing  or  correcting  systematic  errors  such  as  those 
caused  by  a  uniform  taper  in  the  width  of  the  guide  or  by  a  difference  in 
the  spacing  of  the  dipoles  in  different  parts  of  the  array. 

The  problem  of  maintaining  the  parallelism  of  the  16-ft  waveguide  to 
a  tolerance  of  a  few  thousandths  of  an  inch  was  difficult  for  produc- 
tion men.  It  was  found  impossible  to  attain  the  required  freedom  from 
error  on  the  first  assembly;  therefore  means  had  to  be  developed  for 
trimming  the  width  after  assembly.  The  method  has  been  further 
extended  so  that  width  adjustment  can  now  be  used  to  optimize  the 
radiation  pattern.  In  this  " optimum  pattern"  method,  width  adjust- 
ment is  used  to  compensate  other  phase  errors  such  as  those  caused  by 
inaccuracies  in  the  dimensions  of  the  long  r-f  chokes.  The  technique 
resulted  in  the  virtual  elimination  of  scanner  rejections  in  production  and 
in  a  generally  improved  product. 

Width  adjustment  is  provided  at  each  toggle  point  by  the  mechanism 
shown  in  Fig.  6-20.  The  effectiveness  of  the  method  depends  on  the 

1  A  ground  radar  used  in  conjunction  with  radio  communication  to  direct  aircraft 
into  landing  position.  It  was  produced  by  Gilfillan  Bros.,  Inc.,  Bendix  Aviation 
Corporation,  and  Federal  Telephone  and  Radio  Corporation. 
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FIG.  G-21.  —  Detail  of  the  loft  end  of  tlie 


fact  that  almost  all  of  the  nonunif  ormities  along  the  width  of  the  guide  in 
production  scanners  are  in  the  form  of  long  curves  and  tapers.  In  the 
Eagle  scanner  there  are  nine  adjustment  points  spaced  20f  in.  apart. 
The  technique  used  in  making  the  optimum  pattern  adjustment  is  as 
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follows.  The  guide  width  is  set  at  its  narrowest  point,  since  it  is  then 
that  the  pattern  is  most  susceptible  to  phase  errors.  (This  susceptibility 
is  one  reason  why  it  is  not  practical  to  scan  more  than  +  35°  with  a  device 
of  the  Eagle  type.)  Using  the  scanner  as  a  receiver,  it  is  oriented  to 
receive  maximum  power  from  a  distant  transmitter.  Each  toggle  is 
adjusted  in  turn  until  one  is  found  that  causes  the  power  to  rise  sharply. 
That  toggle  is  then  adjusted  for  maximum  power.  Side  lobes  and  beam- 
width!-!  are  then  checked;  if  further  improvement  is  required,  the  adjust- 
ment procedure  is  repeated.  If  it  is  desired  to  reduce  a  side  lobe,  the 

scanner  is  oriented  to  the  maximum 
of  the  lobe  and  the  adjusting  point 
found  that  reduces  it.  Always,  a 
final  over-all  check  is  required.  An 
average  scanner  can  be  adjusted  in 
less  than  half  an  hour. 

The  complete  production  scanner 
assembly  weighs  165  Ib,  and  the 
housing  vane,  including  the  motor 
and  gear  box  for  the  scanner,  weighs 
247  Ib.  Thus,  the  entire  assembly 
exclusive  of  mounting  struts  weighs 
412  Ib. 

In  the  production  scanner  the 
principal  structural  member  is  an 
extruded  channel,  made  of  6 1ST 
aluminum  alloy  and  machined  on  the 
critical  surfaces.  The  dipoles  are  pressed  into  holes  in  the  channel  and 
held  in  place  by  friction,  their  probes  extending  into  the  variable  wave- 
guide. Half  of  the  waveguide  is  provided  by  the  channel,  as  shown  in 
Fig.  6-21,  and  the  other  half  by  an  extruded  " plate"  of  GIST  aluminum 
alloy,  also  machined  on  the  critical  surfaces  and  attached  to  the  channel 
by  a  system  of  toggle  linkages  connected  by  a  tie  bar,  as  shown  in  Fig. 
6-20.  Contact  between  the  channel  and  plate  is  prevented  by  a  roller 
system  which  provides  an  air  gap,  called  the  6-clearance,  between  the 
opposing  surfaces.  Hardened  steel  inserts  prevent  the  ball-bearing  rollers 
from  wearing  into  the  softer  aluminum. 

An  individual  dipole  is  illustrated  in  Fig.  6-22.  More  than  half  a 
million  such  dipoles  were  used  in  production  scanners.  They  were  manu- 
factured of  aluminum  alloy  by  the  "lost  wax"  precision  casting  technique 
or  alternatively  by  individual  fabrication  with  assembly  by  aluminum 
brazing.  Both  methods  were  satisfactory,  and  the  cost  was  about  the 
same  for  each,  although  the  individually  fabricated  dipole  had  greater 
strength. 
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-Construction  of  dipolea  u.sed  in 
the  Eagle  antenna. 
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The  vertical  radiation  pattern  is  shaped  by  means  of  a  set  of  reflectors, 
"flaps,"  visible  in  Fig.  6-18,  attached  to  the  front  of  the  channel.  The 
modified  horn  formed  by  the  flaps  was  designed  largely  by  empirical 
methods  to  produce  the  required  pattern.  The  flaps  are  manufactured 
by  a  continuous  rolling  process,  in  which  a  flat  aluminum  sheet  is  fed 
through  a  series  of  rollers.  A  difficult  problem  arose  when  it  was  found 
that  scattering  of  the  radiation  by  the  sharply  curved  plastic  leading 
edge  of  the  vane  caused  serious  interference  with  the  radiation  pattern 
of  the  fan  beam,  especially  in  the  lower  portion,  60°  to  70°  below  the 
horizontal.  This  meant  that  until  an  arrangement  could  be  worked  out 
which  was  less  sensitive  to  such  reflections,  the  leading  edge  had  to  be 

/  Beam  direction 


1 

Scanner                                   •*— 

Load-E==n                                            If 

^^ka                              11 

—  -                -    <^>-                 —  - 

(2 

ff*    R-f  switch 

1 

Power  from 

r-f  head 
FIG.  6-23. — Energy  flow  in  a  waveguide. 

considered  a  part  of  the  reflector  system.  As  a  result,  it  was  necessary 
to  impose  strict  tolerances  on  the  location  of  the  scanner  in  the  vane 
with  respect  to  the  leading  edge.  Experiments  have  shown,  however, 
that  flaps  can  be  designed  to  give  a  pattern  that  is  not  seriously  affected 
by  the  leading  edge. 

Angular  information  is  obtained  from  the  scanner  by  means  of  a 
synchro  and  cam  arrangement.  The  cam  is  mounted  on  one  of  the  toggle 
arms  and  is  so  cut  that  a  follower  arm  mounted  on  the  synchro  shaft 
turns  through  the  beam  angle  as  the  scanning  takes  place. 

Energy  is  fed  into  alternate  ends  of  a  waveguide  of  variable  width  by 
means  of  a  simple  r-f  switch  mounted  on  the  scanner.  Figure  6-23  shows 
the  routing  of  the  energy  from  the  transmitter  through  this  switch  and 
into  one  or  the  other  end  of  the  scanner;  the  residue  not  radiated  is  led 
via  the  switch  into  an  absorbing  termination.  Figure  6-24  is  a  diagram 
of  the  switch.  A  relay  system  actuated  by  the  drive  shaft  causes  reversal 
of  the  switch  each  time  that  the  waveguide  reaches  its  maximum  width. 

The  apparently  difficult  problem  of  feeding  a  waveguide  of  variable 
width  from  a  waveguide  of  fixed  width  was  solved  by  engineers  of  the 
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Fu\.  6-24.— Detail  of  r-f  switrh. 


FIQ.  6-25. — Cross  section  of  Eagle  vane. 
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Bell  Telephone  Laboratories.  A  simple  matching  transformer  cut  into 
the  fixed  side  of  the  waveguide,  visible  in  Fig.  G-21,  gives  a  good  match 
over  a  wide  range  of  guide  widths. 

Mounted  in  the  vane,  behind  the  main  spar,  are  the  motor  and  gear 
box  for  driving  the  scanner.  The  scanner  drive  shaft  actuates  the  moving 
plate  by  means  of  a  steel  box  cam  that  drives  a  ball-bearing  follower 
mounted  directly  on  the  plate.  The  rotation  speed  is  90  rpm,  which 
produces  a  scanning  rate  of  60°  in  f  sec.  The  drive  is  powered  by  a 
i-hp  24-volt  d-c  5000-rpm  motor.  The  scanner  is  mounted  on  two 
U-shaped  brackets  fastened  to  the  main  spar  of  the  vane  at  the  points 
where  the  vane  is  attached  to  the  airplane,  thus  avoiding  distortions  of 
the  scanner  by  air  load  deflections  of  the  vane.  The  mounting  points  are 
spaced  90  in.  apart  in  production  vanes. 

Figure  6-25  shows  a  cross  section  of  the  Eagle  scanner  in  the  vane, 
together  with  one  of  its  two  attachment  brackets.  The  vane  is  mounted 
to  the  fuselage  by  two  struts  (see  Fig.  6-17),  which  are  faired  in  to  reduce 
drag.  Electrical  connections  and  hot-air  ducts  are  led  to  the  vane  through 
the  strut  fairings. 

Standard  aircraft  construction  is  used  throughout,  except  for  the  lead- 
ing edge  that  serves  as  the  radome  for  this  scanner.  The  leading  edge 
is  a  double-wallecl  plastic  sandwich  of  laminated  glass  cloth,  each  skin 
consisting  of  seven  layers  of  Fiberglas  ECC-1 1-128  laminated  with 
Laminae  X-4000  resin  (see  Chap.  13).  The  construction  is  double- walled 
to  provide  for  deicing  by  the  circulation  of  hot  air  between  the  walls  and 
to  minimize  the  radiation  reflections  from  the  radome.  Prototypes  of 
leading  edges  were  made  by  Douglas  Aircraft  Company,  Inc.;  the  major 
production  source  was  the  General  Electric  Company  at  Lynn,  Mass. 

The  section  of  the  wing  that  contains  the  scanner  may  also  be  pres- 
surized to  prevent  arcing.  Pressurization,  however,  is  found  to  be 
unnecessary  for  altitudes  up  to  40,000  ft  at  the  power  level  of  about  50 
kw  used  in  the  Eagle  system. 


CHAPTER  7 
STABILIZATION  OF  AIRBORNE  ANTENNAS 

BY  R.  SHEii1 

Airplanes,  like  ships,  pursue  a  course  that  is  not  always  straight  and 
level;  this  introduces  serious  errors  and  shortcomings  in  airborne  radar 
presentation.  If  the  radar  transmits  a  "pencil"  beam,  the  worst  effect 
encountered  is  a  shortening  of  the  range  to  both  sides  when  the  airplane  is 
banking.  This  effect  is  illustrated  in  Fig.  7-1.  If  the  transmitted  beam 
has  a  cosecant-squared  pattern,  the  illumination  of  the  desired  area  is 
nonuniform  and  there  is  a  loss  of  range. 

For  best  results,  provision  for  stabilization  must  be  incorporated  into 
the  design  of  a  scanner.  The  weight  added  by  stabilization  components 
is  likely  to  be  25  Ib  or  more.  Partly  for  this  reason  and  partly  because 


FIG.  7-1. — Loss  of  range  resulting  from  use  of  an  unstabilized  scanner  in  nonlevel  flight. 

the  technique  of  stabilizing  airborne  scanners  is  new,  most  installations 
are  still  not  stabilized. 

Two  methods  of  stabilization  may  be  used.  By  stabilizing  the 
antenna,  the  elevation  of  the  beam  in  space  may  be  maintained  regardless 
of  variations  in  attitude  of  the  aircraft;  in  a  limited  number  of  instances 
the  data  displayed  on  the  radar  indicator  may  be  altered  to  suit  circum- 
stances. Stabilization  of  the  data  is  an  electrical  circuit  problem;  a 
detailed  discussion  of  it  is  beyond  the  scope  of  this  book  (see  Vol.  22  of 
this  series). 

In  antenna  stabilization,  a  gyroscope  and  a  servomechanism  auto- 
matically tilt  the  beam  of  radiation  to  counteract  the  pitching  or  rolling 
of  the  airplane.  This  prevents  the  scan  from  being  disturbed  by  limited 
maneuvers  of  the  airplane  and  ensures  against  impairment  of  the  pres- 
entation of  the  kind  shown  in  Fig.  7-1.  The  angular  limits  within  which 
stabilization  will  function  have  been  variously  set  from  ±15°  to  ±30°; 
accuracy  of  stabilization  to  within  ±  1°  is  a  typical  requirement. 

1  Some  material  first  written  by  F.  B.  Lincoln  was  used  in  writing  Sees.  7-5,  7-7, 
and  7-10. 
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It  should  be  noted  that  the  usual  practice  in  designing  airborne  stabili- 
zation equipment  is  to  compensate  only  controlled  nonlevel  flight  condi- 
tions, such  as  climbs,  glides,  and  banks  made  at  the  pilot's  discretion. 
Few  attempts  are  made  to  compensate  all  nonlevel  flight  conditions 
caused  by  rough  air. 

TYPES  OF  ANTENNA  STABILIZATION 

7-1.  Stable-base  Stabilization. — Kinematically,  the  most  nearly  per- 
fect airborne  stabilization  scheme  is  the  one  in  which  the  scanner  is 
mounted  on  a  gimbal  system1  that  maintains  the  axis  of  scan  truly  verti- 
cal. The  gyroscope  is  a  stable1  vertical.  A  separate  servomechanism 
that  is  connected  to  each  axis  keeps  the  scanner  in  such  a  position  that  its 
gimbals  are  parallel  to  those  of  the  gyroscope.  This  type  of  stabilization 
is  known  as  stable-base  stabilization  because  the  entire  platform,  or  base, 
of  the  scanner  is  stabilized.  The  two  axes  chosen  are  parallel  to  the  roll 
and  pitch  axes  of  the  aircraft. 

7-2.  Roll  Stabilization. — In  some  airborne  radar  applications  the 
pitch  deviation  of  the  aircraft  is  so  small  that  little  harm  results  from 
leaving  the  pitch  axis  of  the  scanner  unstabilized.  Adjustment  for  the 
actual  angle  of  attack  of  the  airplane  may,  however,  be  combined  with 
roll  stabilization.  Automatic  stabilization  about  the  roll  axis  is  obtained 
like  stable-base  stabilization,  except  that  a  gyroscope  with  a  take-off 
on  the  roll-gimbal  axis  only  is  used. 

7-3.  Line-of-sight  Stabilization. — An  entirely  different  approach  to 
the  problem  is  represented  by  line-of-sight,  or  tilt,  stabilization,  illustrated 
in  Fig.  4-16.  In  this  method  no  effort  is  made  to  mount  the  scanner  on  a 
partially  or  completely  level  platform.  Instead,  as  the  antenna  rotates, 
it  is  tilted  about  the  elevation  axis  by  the  stabilizing  servomechanism. 
The  tilt  is  controlled  so  that  the  angle  between  the  "nose"  of  the  beam 
(i.e.,  the  direction  of  greatest  energy  transmission)  and  the  horizon  is  kept 
constant  at  a  predetermined  value,2  which  depends  on  both  the  attitude 
of  the  aircraft  and  the  heading  of  the  scanner.  When  a  pencil  beam  is  at 
the  zero  depression  angle,  theoretically  complete  stabilization  can  be 
effected  in  this  way. 

The  mechanisms  of  airborne  line-of-sight  stabilization  systems  have 

lCf.  Chap.  4,  Fig.  4-lfc,  i. 

2  Equation  A- 16  of  Appendix  A  gives  the  exact  expression  for  the  tilt  angle  that 
is  required  to  keep  the  beam  horizontal.  It  can  be  written 

sin  D  =  sin  a  sin  R  —  cos  a  sin  P  cos  R, 

where  R  «  roll  of  the  aircraft,  positive  if  roll  is  to  the  left, 

P  =  pitch  of  the  aircraft,  positive  if  the  nose  is  depressed, 

D  —  depression  required  for  line-of-sight  stabilization  [D  =  —  0'of  Eq.  (A-16)], 

a  «  heading  of  the  scanner  clockwise  from  the  forward  direction. 
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taken  two  general  forms,  In  one  system,  the  gyro  is  a  stable  element 
mounted  on  the  scanner  and  rotates  with  the  antenna  in  azimuth;  in 
the  other,  it  is  a  stable  vertical,  remotely  located  from  the  scanner.  In 
the  former  system,  a  synchro  is  placed  at  the  outer  gimbal  axis  of  the 
gyro,  the  axis  being  parallel  to  the  elevation  axis  of  the  antenna,  as  in 


FIG.  7-2. — AN/APA-15  stabilizer  mounted  on  an  AN/APS-2  scanner.     The  inclined  atti- 
tude of  the  scanner  base  simulates  an  aerial  maneuver. 

Fig.  7-2.  A  servo  system  then  constantly  keeps  the  antenna  in  the 
proper  position  as  it  scans.  An  example  may  make  the  principle  clearer. 
When  an  airplane  is  in  a  simple  glide  and  the  antenna  is  looking  straight 
ahead,  the  beam  must  be  elevated  by  an  amount  equal  to  the  glide  angle; 
when  the  antenna  is  looking  aft,  the  beam  must  be  depressed  by  the  same 
amount;  when  it  is  looking  to  either  side,  no  compensation  is  necessary. 
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There  are  two  serious  disadvantages  in  the  method  of  line-of -sight 
stabilization  that  makes  use  of  a  stable  element  mounted  on  the  scanner, 
and  both  occur  because  the  rotation  of  the  gyro  is  in  azimuth  whereas 
the  gyro  is  so  mounted  that  its  spin  axis  is  not  parallel  to  the  azimuth 
axis  of  the  scanner.  (1)  The  inertia  and  complex  motion  of  the  gimbals 
give  rise  to  a  force  that  p recesses  the  gyro  rotor,  resulting  in  a  false  indica- 
tion of  the  vertical  axis.  This  error,  discussed  in  Sec.  7-7,  is  a  function 
of  the  tilt  angle,  gimbal  inertia,  speed  of  scan,  speed  of  rotation  of  the 
gyro  rotor,  duration  of  the  nonlevel  attitude  of  the  aircraft,  etc.,  and  has 
been  observed  in  the  Radiation  Laboratory  to  be  as  high  as  5°  for  a  20° 
angle  of  simulated  climb  or  glide.  (2)  A  gyro  that  is  mounted  on  the 
scanner  will  topple  if  the  scanner  is  sector-scanning  at  certain  headings 
for  more  than  a  few  minutes. 

One  method  of  improving  the  performance  of  a  gyro  employed  as  an 
airborne  stable  element,  successfully  applied  by  Sperry  Gyroscope 
Company,  is  to  use  a  servo  system  to  keep  the  gyro  housing  in  position 
so  that  the  plane  of  the  gimbal  axes  remains  horizontal.  This  eliminates 
the  error  due  to  inertia  of  the  gimbals  and  prevents  toppling  of  the  gyro 
when  the  scanner  is  sector-scanning.  In  the  gyro  housing  a  synchro  is 
mounted  at  each  gimbal  axis,  and  the  voltages  generated  by  these  syn- 
chros control  the  servo  channels  that  keep  the  housing  level.  The  eleva- 
tion angle  of  the  antenna  is  controlled  by  a  parallelogram  linkage  with 
the  gyro  housing;  an  additional  control  enables  the  operator  to  adjust 
the  angle  at  which  the  beam  is  stabilized.  In  the  gimbal  system  support- 
ing the  gyro  housing,  one  gimbal  axis  lies  in  the  vertical  plane  through  the 
nose  of  the  beam;  a  synchro  on  this  axis  measures  the  tilt  of  the  antenna 
in  respect  to  cross  traverse  which  is  needed  for  data  stabilization. 

In  a  simpler  method,  the  gyro  that  acts  as  a  stable  vertical  is  rigidly 
attached  to  the  aircraft,  and  special  synchros  and  a  resolver  are  used  to 
obtain  the  necessary  angular  information.  This  system  is  discussed  in 
Sec.  7-11.  The  output  voltage  from  the  resolver  can  be  made  proportional 
to  the  quantity  Da  =  R  sin  a  —  P  cos  a,  which  is  the  approximation1 
used  for  the  tilt  angle.  This  voltage  is  the  input  to  a  servomecha- 
nism  that  tilts  the  scanner  about  its  elevation  axis.  The  errors  resulting 
from  these  approximations  are  not  so  serious  as  those  attributable  to  the 
precession  caused  by  the  inertia  of  the  gimbals  in  a  stable  element;  top- 
pling due  to  sector-scanning  does  not  occur  at  all.  Recent  designs  have 

1  When  values  calculated  from  this  expression  are  compared  with  those  obtained 
by  use  of  the  expression  given  in  the  preceding  footnote,  they  are  found  to  be  nearly 
equal;  the  geometrical  error  D  —  Da  hat  a  maximum  value  of  about  1.5°  for  R  =  30°, 
P  =  10°,  the  maximum  deviations  from  level  flight  that  may  normally  be  expected. 
Since  this  is  the  maximum  error  and  is  encountered  only  in  fairly  vigorous  maneuvers, 
it  is  tolerable. 
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therefore  specified  the  line-of-sight  stabilization  systems  with  gyros  that 
are  remotely  located. 

A  novel  means  of  obtaining  line-of-sight  stabilization,  which  requires 
a  level  platform,  has  recently  been  considered.  In  this  system,  sche- 
matically illustrated  in  Fig.  7-3,  a  ring  or  swash-plate  a-a  is  kept  horizontal 
by  a  two-axis  gyro-servo  combination  similar  to  that  used  in  stable-base 
stabilization.  One  arm  BC  of  a  parallelogram  linkage  A  BCD  rides 
around  the  ring  on  a  roller  as  the  scanner  rotates  in  azimuth.  By  this 

means,  the  tilt  of  the  reflector  is 
adjusted  so  that  the  angle  between 
the  beam  and  the  horizontal  plane 
of  the  swash-plate  is  kept  constant. 
In  Fig.  7-3,  the  scanner  is  shown 
with  the  antenna  looking  forward 
while  the  aircraft  is  in  a  climb. 

7-4.  Pitch  Stabilization.— 
Although  momentary  pitch  devia- 
tions are  generally  small  by  com- 
parison with  roll  deviations,  the 
"angle  of  attack "  of  an  aircraft 
may  gradually  alter  over  a  range 
of  about  5°  during  flight  because 
of  fuel  consumption  and  changes 
of  load,  speed,  and  altitude. 
Pitch  stabilization  is  designed  to 
compensate  for  these  variations. 
It  resembles  roll  stabilization  in 
that  it  is  patterned  after  the  stable- 
base  method. 

In  one  light  installation, 
AN/ APS- 10,  it  was  considered 
desirable  to  stabilize  the  pitch  axis  only.  In  the  proposed  version,  it  would 
have  taken  on  a  form  completely  different  from  any  of  the  types  of  stabi- 
lization heretofore  discussed.  Instead  of  a  gyro,  the  gravity-sensitive  ele- 
ment was  to  be  a  mercury  switch  mounted  on  the  scanner  base.  When 
the  aircraft  changed  its  attitude,  flying  nose  high  or  low,  the  mercury 
switch  was  to  energize  relays  to  furnish  armature  voltage  to  a  small  motor. 
This  motor  would  then  move  the  scanner  so  that  the  azimuth  axis  would 
remain  vertical  with  respect  to  pitch.  The  accuracy  of  stabilization  was 
calculated  to  be  about  ±2°,  and  the  weight  of  the  rudimentary  servo- 
mechanism  under  1  Ib. 

A  mercury  switch  or  any  other  control  element  quickly  responsive  to 
gravity  cannot  be  used  in  roll  stabilization  because  the  effective,  or 


FIG.  7-3. — "Swash-plate"  method  of  line- 
of-sight  stabilization.  A-A,  main  axis  of 
scanner  (airplane  not  level) ;  a-a,  leveled  ring 
(swash-plate);  ABCD,  parallelogram  linkage; 
E-E,  tilt  axis  of  reflector;  F,  roll  (or  pitch) 
servomotor;  G,  gear  train. 
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dynamic,  gravity  present  when  an  airplane  is  turning  is  not  the  same  as 
true  gravity  but  is  the  resultant  of  true  gravitational  forces  and  those 
arising  from  the  centrifugal  acceleration  of  the  turn. 

7-5.  Comparison  of  Stabilization  Methods. — Pitch  stabilization  will 
not  be  discussed  further,  as  it  has  been  proposed  for  only  one  airborne 
application.  Stable-base  stabilization  also  needs  no  additional  exposi- 
tion because  the  advantage  of  its  greater  accuracy  in  comparison  with 
roll  stabilization  is  outweighed  by  its  extra  requirements  for  weight  and 
power  and  because  the  same  considerations  that  apply  to  roll  stabiliza- 
tion will,  with  few  exceptions,  also  apply  to  stable-base  stabilization. 
The  discussion  in  this  section  will  therefore  be  limited  to  roll  and  line-of- 
sight  stabilization. 

Size  and  Weight. — In  both  roll  and  line-of-sight  stabilization  it  is 
necessary  to  have  a  gyro  and  a  servo  system.  The  gyros  differ  only  in 
the  number  of  take-offs  required.  A  servo  system  for  roll  stabilization 
is  considerably  heavier  than  one  for  line-of-sight  stabilization.  Since 
the  whole  scanner,  rather  than  just  the  antenna,  must  be  moved  in  a  roll 
stabilization  scheme,  the  servomotor  must  be  more  powerful;  and  since 
the  output  speed  is  low,  a  greater  gear  reduction  must  be  used. 

The  scanner  as  a  unit  will  normally  be  heavier  in  a  roll-stabilization 
system  because  of  the  special  construction  used  for  keeping  the  scanner 
base  in  a  level  position.  In  the  only  American  system  having  a  roll- 
stabilized  scanner,  the  weight  is  about  100  Ib ;  an  unstabilized  scanner  with 
a,  reflector  of  the  same  size  is  likely  to  weigh  at  least  25  Ib  less.  For  a 
line-of-sight  stabilized  scanner,  the  mechanism  that  is  needed  for  the 
continual  tilting  of  the  antenna  about  its  elevation  axis  would  probably 
weigh  less  than  25  Ib  because  the  load  presented  by  the  antenna  alone  is 
less  than  that  of  the  whole  scanner. 

Servo  Systems. — The  servo  system  used  in  a  roll-stabilized  scanner 
must  have  high  static  accuracy  but  need  not  have  high  dynamic  accuracy, 
because  it  operates  only  while  the  aircraft  is  actually  changing  its  attitude. 
Such  changes  are  infrequent  and  last  for  only  a  very  few  seconds.  When 
the  aircraft  is  at  a  constant  attitude,  level  or  nonlevel,  the  servo  system 
merely  holds  the  scanner  at  its  desired  position.  A  line-of-sight  servo 
system,  on  the  other  hand,  must  continuously  readjust  the  elevation  of 
the  antenna  except  when  the  aircraft  is  in  perfectly  level  flight.  Indeed, 
it  periodically  changes  the  position  of  the  antenna  at  a  rate  equal  to  that 
of  the  azimuth  scan,  which  may  be  .as  high  as  30  rpm,  and  must  therefore 
have  fast  response  and  good  dynamic  accuracy.  Typical  maximum 
angular  velocities  characteristic  of  the  systems  are  10°/sec  for  roll 
stabilization  and  70°/sec  for  line-of-sight  stabilization.  The  lighter 
weight  and  smaller  rotor  inertia  of  the  line-of-sight  servomotor  make  it 
easier  to  realize  the  required  dynamic  accuracy. 
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Swept  Volume. — A  serious  disadvantage  of  platform-  or  roll-stabilized 
scanners  is  the  increase  in  the  volume  of  the  radome  needed  to  house  the 
scanner  and  equipment  for  even  a  few  degrees  of  stabilization  and  results 
from  the  relative  displacement  of  the  scanner  and  the  aircraft,  as  illus- 
trated in  Fig.  7-4.  Even  if  it  is  mounted  in  the  more  compact  way  shown 
in  Fig.  7-7,  a  roll-stabilized  scanner  for  circular  scanning  requires  a  larger 
ventral  radome  than  a  line-of-sight  stabilized  scanner  with  an  antenna  of 
the  same  size.  The  roll-stabilized  scanner  shown  has  a  42-  by  10-in. 
reflector  and  was  stabilized  for  ±  26° ;  the  size  of  the  radome  is  75  by  54 
by  23  in. 

It  should  be  noted,  however,  that  roll-stabilized  sector  scanners  do 
not  give  this  trouble,  since  they  are  almost  always  designed  to  fit  into  a 


(a)  (6) 

FIG.  7-4. — Diagram  showing  increase  of  size  of  radome  required  lor  roll  stabilization,  (a) 
unstabilized ;  (b)  stabilized. 

radome  that  is  symmetrical  about  the  roll  axis.  They  may  be  stabilized 
by  rotation  about  the  axis  of  the  radome  and  will  not  require  a  hirgor 
radome. 

Indicator  Distortions. — A  drawback  of  line-of-sight  stabilization  is 
the  distortion  that  appears  on  the  plan  position  indicator  (PPI)  screen. 
When  the  axis  of  rotation  is  not  vertical,  the  plane  of  a  fan  beam  will  be 
tilted  away  from  the  vertical  by  an  amount  equal  to  the  cross-traverse 
angle  (cf.  Fig.  4-1).  This  tilting  is  dependent  on  the  heading  of  the 
scanner  and  the  attitude  of  the  aircraft  and  causes  the  beam  to  intersect 
the  ground  along  a  line  different  from  the  one  desired.  The  error  is 
serious.  If  an  airplane  flying  at  an  altitude  of  30,000  ft  banks  at  an  angle 
of  6°  to  the  right,  for  example,  an  object  on  the  ground  directly  ahead  of 
the  airplane  will  appear  to  be  displaced  more  than  3000  ft  to  the  right. 

There  are  two  ways  of  correcting  this  distortion.  One  is  by  the  use 
of  a  three-axis  scanner  of  the  type  shown  at  either  e  or/  of  Fig.  4-1.  The 
cross-level  or  cross-traverse  motion  of  a  wide  antenna  so  mounted  would, 
however,  require  such  a  large  radome  that  it  seems  impractical  to  try 
to  keep  the  plane  of  a  cosecant-squared  beam  vertical  in  line-of-sight 
stabilization.  The  other  method  is  to  stabilize  the  data  displayed  on 
the  PPI  by  applying  to  the  indicator  voltages  that  prevent  the  image  from 
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shifting  as  the  airplane  maneuvers.     Data  stabilization  of  this  type  is 
not  used  at  present  in  any  airborne  radar. 

REQUIREMENTS  FOR  ACCURACY 

7-6.  Stabilization  Tolerances. — The  purpose  of  stabilizing  airborne 
antennas  is  to  preserve  the  range  performance  and  uniform  intensity  of 
the  display  in  nonlevel  flight.1  In  deciding  the  accuracy  requirements, 
various  factors,  such  as  the  shape  of  the  beam  and  the  operational  func- 
tion of  the  radar  system,  must  be  considered. 

It  is  found  that  if  the  beam  moves  up  or  down  because  of  maneuvers 
of  the  aircraft  or  poor  stabilization,  the  signal  from  a  target  at  the  nose 
of  the  beam  will  fade.  Quantitatively,  if  a  pencil  beam  moves  up  or 
down  by  one-half  its  beamwidth,  a  range  reduction  of  29  per  cent  can  be 
expected.  The  range  will  be  reduced  by  10  per  cent  if  the  beam  varies 
from  the  stabilized  position  by  0.28  beamwidth  and  by  5  per  cent  if  it 
varies  by  0.19  beamwidth.  If  a  range  reduction  of  10  per  cent  is  con- 
sidered the  maximum  allowable  in  a  navigational  radar,  the  beam  must 
be  stabilized  so  that  it  remains  within  0.28  beamwidth  of  a  completely 
stabilized  position  (cf.  Table  7-1  for  the  stabilization  tolerance  of  a  pencil 
beam  radar). 

TABLE  7-1. — STABILIZATION  TOLERANCES  FOR  NAVIGATIONAL  RADARS 


Radar 

Type  of 
beam 

Xose 
depression  , 
degrees 

Beamwidth 
in  elevation, 
degrees 

Tolerance, 
+  degrees 

AN/APS-2,  SCR-717 

Pencil 

Variable 

9.0 

2.5 

AN/APQ-13,  AN/APS-15 

Fan 

8 

7.0 

1.4 

AN/APQ-13  (60  in.) 

Fan 

6 

10.0 

1.7 

Experimental 

Fan 

3 

8.0 

1  2 

Kxperi  mental 

Fan 

4 

4.5 

0.8 

When  a  cosecant-squared  beam  is  used,  the  presentation  of  targets 
itt  maximum  range  is  the  one  that  suffers  the  most  from  poor  stabilization. 
If  the  nose  of  the  beam  tilts  below  such  a  target,  the  illumination  falls  off 
in  a  proportion  that  depends  on  the  beamwidth  as  measured  in  the  eleva- 
tion plane,  as  discussed  in  the  preceding  paragraph.  If  the  nose  of  a 
cosecant-squared  beam  tilts  upward  by  one-tenth  of  00,  which  is  its  usual 
depression  angle,  a  10  per  cent  decrease  in  range  performance  is  to  be 
expected.  Thus,  the  upper  and  lower  limits  of  the  depression  angle  of 
the  beam,  between  which  the  range  performance  is  essentially  optimum, 
determine  the  tolerances  for  the  stabilization  accuracy  of  fan-beam  navi- 

1  W.  M.  Cady,  "Stable  Scanners  and  Unsteady  Airplanes,"  RL  Report  No.  701, 
Feb.  21,  1945. 
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gational  radars.  These  tolerances  are  calculated  as  being  one-half  the 
total  permissible  travel  in  the  elevation  of  the  beam  (see  Table  7-1). 

Figure  6-1  shows  a  cosecant-squared  fan  beam  which  provides  signals 
of  equal  strength  from  equal  objects  on  the  ground,  regardless  of  their 
distance.  When  such  a  beam  is  tilted  slightly  downward,  targets  at 
intermediate  distances  are  illuminated  more  than  targets  nearer  the 
vertical;  upward  tilting  of  the  beam  produces  the  reverse  effect.  These 
effects  being  undesirable,  especially  in  a  radar  system  that  is  used  for 
bombing,  an  arbitrary  figure  of  ±  4  db  has  been  set  as  the  greatest  toler- 
able uniform  radial  variation  in  signal  strength1  that  may  be  allowed  to 
result  from  incorrect  tilting  of  the  fan  beam.  The  restriction  makes  it 
necessary  to  stabilize  the  beam  within  a  tolerance  of  0.2300- 

In  practice,  weight  considerations  in  aircraft  make  it  quite  difficult  to 
realize  stabilization  accuracies  high  enough  to  satisfy  these  tolerances  for 
the  various  types  of  beams  and  radars.  Future  development  of  gyros 
and  servomechanisms  will  lead  to  greater  accuracy  and  lighter  weight  in 
stabilized  airborne  scanners. 

7-7.  Gyros.  Erection  Mechanisms  and  Rates. — Some  mechanism  must 
be  built  into  the  gyro  system  to  control  the  position  of  the  rotor  in  order 
to  prevent  it  from  wandering  away  from  true  vertical.  Such  devices  are 
erection  mechanisms.  They  are  built  in  various  forms,  depending  on  the 
error  tolerances  and  the  size  of  the  rotor.  The  static  accuracies  of  air- 
borne gyros  now  in  use  range  from  ±-J-°  to  +-J-0. 

The  vertical  gyro  that  is  made  by  the  Pioneer  Instrument  Company 
incorporates  a  simple  mechanical  erection  device  in  which  a  ball  slowly 
rolls  around  a  race  concentric  with  the  gyro  axis  and  attached  to  the 
inner  gimbal  ring.  When  the  gyro  axis  is  not  vertical,  the  rotation  of 
the  ball  is  nonuniform;  that  is,  the  ball  moves  slower  on  the  ascending 
side  of  the  race  than  it  does  on  the  descending  side.  This  action  slowly 
erects  the  gyro.  When  the  gyro  axis  is  vertical,  the  rotation  of  the  ball 
is  uniform.  The  rate  of  erection  cannot  be  varied  at  will. 

A  more  complex  electrical  erection  device  employs  pendulums  on  the 
roll  and  pitch  axes.  Pickup  coils  are  mounted  on  the  pendulums.  When 
the  rotor  begins  to  precess  during  roll  or  pitch,  a  voltage  is  generated  and 
fed  through  amplifiers  to  the  erection  motors,  thus  bringing  the  rotor 
back  to  vertical. 

Some  of  the  gyros  designed  and  built  by  the  Sperry  Gyroscope  Com- 
pany are  equipped  with  a  liquid-level  mechanism.  The  liquid  is  enclosed 
in  a  flat  container  mounted  on  the  inner  gimbal  ring.  When  the  ring  is 

1  This  allowance  for  a  gradual  tapering  of  the  signals  is  more  liberal  than  is  per- 
mitted for  fluctuations  in  the  cosecant-squared  distribution,  because  a  2-db  ripple 
in  the  fan  causes  an  objectionable  ring  on  the  PPI  whereas  a  gradual  falling  off  of 
2  db  in  the  pattern  is  not  noticeable. 
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tilted,  the  closing  of  contacts  by  the  conducting  liquid  energizes  erection 
motors  that  level  the  rotor.  The  erection  mechanism  can  be  operated 
at  any  desired  speed. 

The  erection  rate  of  a  gyro  is  the  rate  in  degrees  per  minute  at  which 
the  axis  of  the  rotor  approaches  true  vertical  when  the  erection  mecha- 
nism is  brought  into  play.  Because  the  rate  varies  as  the  rotor  approaches 
the  vertical,  the  rate  is  often  given  in  degrees  per  minute  per  degree  off 
vertical.  Rates  of  l°/min  to  8°/min  per  degree  off  vertical  are  typical. 
An  erection  curve  is  illustrated  in  Fig.  7-5. 

Errors  Inherent  in  Airborne  Gyros. — As  a  result  of  tactical  maneuvers 
such  as  banks,  climbs,  glides,  and  turns,  gyroscopes  in  airborne  stabiliza- 
tion equipment  often  indicate  false  verticals.  The  two  most  important 
errors  created  are  the  turn  error  and  the  gimbal  inertia  error.1 


Erection  rate  in 
degrees  per  minute 

D  _  |\>  u 

/ 

/ 

0          5         10        15        20        25        30 

Deviation  from  vertical  in  degrees 

FIG.  7-5.    -Characteristic  (if  the  erection  mechanism  of  the  Pioneer  Instrument  Company's 

airborne  gyro. 

The  turn  error  occurs  when  the  aircraft  performs  a  turn,  and  is  caused 
by  the  erection  of  the  gyro  rotor  toward  a  dynamic  "vertical"  instead  of 
the  true  vertical.  This  "vertical"  is  the  resultant  of  the  vectors  that 
represent  gravity  and  the  centripetal  acceleration,  vw,  of  the  turn.  In  a 
coordinated  turn  the  effective  or  dynamic  vertical  is  inclined  to  the  true 
vertical  by  the  angle  given  by  R  =  tan"1  vw/g,  where  R  is  also  the  angle 
of  bank  of  the  airplane,  as  in  Fig.  7-6.  As  the  airplane  rolls  into  a  turn, 
the  gyro  immediately  begins  to  erect  toward  the  effective  vertical.  The 
effective  vertical  rotates  about  the  true  vertical  with  an  angular  velocity 
w,  the  angular  velocity  of  the  turning  aircraft.  This  causes  the  gyro  to 
precess  about  the  true  vertical.  The  magnitude  of  the  precessional  error 
is  a  function  of  the  duration  of  the  turn,  until  a  maximum  constant  error 
is  approached  if  the  turn  lasts  for  several  revolutions. 

In  order  to  eliminate  this  error,  some  control  over  the  erection  mecha- 
nism of  the  gyro  is  necessary.  The  gyro  used  in  the  C-l  autopilot  employs 
an  electromagnetic  device  that  completely  cuts  out  the  erection  mecha- 
nism during  turns.  This  solves  the  turn-error  problem,  but  the  gyro 
becomes  free-running  and  wanders  away  from  true  vertical.  In  some 

lCf.  H.  M.  James,  "Effect  of  Gimbal  Inertia  on  a  Rotating  Stable  Vertical," 
RL  Group  Report  No.  43,  May  23,  1944,  for  a  theoretical  investigation  of  these  errors. 
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systems,  however,  the  wandering  error  is  negligible  by  comparison  with 
the  turn  errors  that  would  have  occurred  had  the  erection  mechanism  been 
retained  during  the  turn.  A  compromise  between  retaining  the  erection 
system  in  a  turn  and  completely  cutting  it  out  is  to  provide  the  gyro  with 
a  two-speed  erection  device  that  allows  a  high  rate  of  erection  for  normal 
level  flight  and  a  low  rate  of  erection  for  turns. 

The  gimbal-inertia  error  is  encountered  when  the  gyro  system  is 

rotated  about  the  scan  axis  whenever 
that  axis  is  not  parallel  to  the  gyro  axis. 
When  this  occurs,  the  gyro  housing  and 
gimbal  rings  exert  a  torque  upon  the  rotor, 
causing  it  to  precess  about  the  scan  axis 
of  the  antenna. 

Such  a  precession  is  found  in  the  line- 
of -sight  stabilizer  AN/APA-15.  A  gyro 
with  one  take-off  is  mounted  on  the  rotat- 
ing part  of  the  pedestal  and  ordinarily 
revolves  at  a  rate  of  12  or  24  rpm.  Jn  a 
climb  or  glide  when  the  angle  D  between 
the  gyro  axis  and  axis  of  scan  is  small, 
the  rate  of  precession  will  be  roughly  pro- 
portional to  D.  For  moderately  large 
values  ..of  D,  however,  the  rate  varies 
more  nearly  as  the  cube  of  D.  The  ex- 
pression for  the  precessional  rate  of  the  airborne  stable  vertical  made  by 
the  Pioneer  Instrument  Company  for  use  in  the  AN/APA-15  stabilizer  is 

o>p  =  (0.182  sin  D  +  1.35  sin3  D  +•••+)  —  «., 

where  o>p  =  speed  of  precession  of  gyro  wheel, 

UG  =  speed  of  rotation  of  gyro  wheel  =  20,000  rpm, 
w,  =  speed  of  rotation  of  stable  element. 

The  constants  depend  upon  the  physical  characteristics  of  the  gyro  and 

gimbal  system.     If,  for  example, 

D  =  18°         and        «.  =  24        rpm, 

up  =  (0.062  +  0.038)  10.4%nin  =  1.04°/min. 

D  =  30°         and         w8  =  24         rpm, 

wp  =  (0.100  +  0.160)10.4°/min  =  2.7°/min. 

The  precession  continues  until  the  erection  mechanism  counterbalances 
it,  at  which  time  the  gyro  maintains  a  false  vertical.  By  comparing  this 
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FIG.  7-6.  Resolution  ot  dynamic 
vertical,  g,  Vertical  acceleration  of 
gravity;  R,  roll  angle  of  aircraft; 
raj,  horizontal  or  centripetal  ac- 
celeration. 
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precession  rate  with  the  erection  rate  of  the  gyro,  it  can  be  seen  that  the 
error  in  the  vertical  will  be  5.2°  for  a  tilt  angle  of  18°.  This  agrees 
closely  with  the  value  observed  in  a  bench  test  of  the  system. 

7-8.  Servo  Systems. — The  gyro  in  an  airborne  stabilization  system 
is  merely  an  indicating  device  and  does  not  stabilize  the  scanner  by  its 
own  torque.  In  order  that  the  scanner  or  antenna  may  be  put  in  the 
desired  attitude,  a  servo  system  or  some  other  follow-up  must  be  employed 
to  amplify  the  torque  of  the  gyro. 

It  has  been  pointed  out  in  Sec.  7-5  that  the  most  important  difference 
between  a  servomechanism  for  a  roll-stabilized  system  and  one  for  a 
line-of-sight  system  is  that  the  roll-stabilization  servo  system  must  be 
statically  accurate  whereas  the  line-of-sight  system  must  be  dynamically 
accurate.  The  precise  form  that  the  servo  system  takes,  then,  depends 
on  the  type  of  stabilization  employed.  In  general  the  system  consists 
of  synchros  mounted  on  the  appropriate  axes  of  both  the  gyro-gimbal 
system  and  the  scanner,  and  of  servoampliners,  servomotors,  gear  trains, 
and  sometimes  linkages.  For  some  systems,  potentiometer  data  trans- 
mission can  be  used  instead  of  synchros. 

The  output  from  the  synchros  represents  the  error  between  the  actual 
position  of  the  scanner  and  its  desired  position  as  indicated  by  the  gyro. 
This  error  signal  is  amplified  and  used  to  control  the  motor  that  adjusts 
the  position  of  the  scanner  so  that  the  error  is  reduced  to  zero.  A  detailed 
discussion  of  the  servo  systems  employed  in  stabilization  is  postponed 
until  the  following  chapter. 

Almost  exclusively,  the  servo  systems  used  in  airborne  stabilization 
equipment  have  been  of  the  continuous-control  type.  Recently,  how- 
over,  it  has  been  felt  that  contactor  (on-off)  servo  systems  could  be 
employed  profitably  for  this  work  because  of  lighter  weight  and  simplifica- 
tion of  design.  The  possibility  of  using  multiple-speed  data  transmis- 
sion, as  discussed  in  Sec.  8-6,  has  not  yet  been  fully  explored.  The  fact 
that  scanners  are  not  stabilized  for  more  than  ±  20°  or  +  30°  means  that 
multiple-speed  data  transmissions  up  to  at  least  6-speed  could  be  used 
without  ambiguity. 

EXAMPLES  OF  AIRBORNE  STABILIZED  SCANNERS 

7-9.  GEI  Roll -stabilized  Scanner. — A  roll-stabilized  scanner  for  use 
in  a  bombing  and  navigational  1-cm  radar  was  conceived  at  the  Radiation 
Laboratory,  and  several  models  were  built  by  the  General  Electronics 
Industries  in  1944.  The  scheme  was  to  mount  the  reflector,  azimuth 
motor  and  drive,  and  r-f  head  on  a  "wagon"  that  could  be  driven  along 
a  circular  section  of  track  so  that  the  azimuth  axis  would  be  kept  vertical 
with  respect  to  roll,  with  the  track  rigidly  attached  to  the  aircraft.  A 
simplified  schematic  diagram  of  this  arrangement  is  shown  in  Fig.  77. 
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R-f  head 


Track 


The  wagon  is  driven  along  the  track  by  a  mesh  between  a  pinion  geared 
to  the  servomotor  and  a  large  sector  gear  that  is  part  of  the  wagon.  Fig- 
ure 7-8  shows  this  arrangement  in  a  close-up  view.  The  total  gear 
ratio  between  the  motor  and  scanner  is  3600/1.  The  scanner  weighs 
about  100  Ib,  including  the  pillbox  and  a  42-  by  10-in.  reflector.  The 
gyro  and  servo  components  add  about  35  Ib. 

The  stable-vertical  gyro  mounted  on  the  airframe  is  manufactured  by 

the  Pioneer  Instrument  Company.     Its  erection  mechanism  has  been 

described  in  Sec.  7-7.     One  synchro  is  mounted  on  the  roll  axis  of  the 

gyro-gimbal  system,  and  another  in  the  servo  gear  box  on  the  scanner. 

Mounted  near  each  end  of  the  track  (±23°  away  from  the  center), 

the  scanner  has  a  microswitch  that 
acts  as  a  limit  switch  by  cutting 
out  the  error  voltage  at  the  input 
to  the  amplifier  and  replacing  it 
by  a  few  volts  of  the  opposite 
phase,  received  from  a  filament 
transformer.  Thus,  when  the 
scanner  is  driven  into  a  limit 
switch,  it  is  immediately  driven 
out  again  and  oscillates  about  the 
switch  until  the  gyro  comes  back 
into  the  working  region.  A  rub- 
ber-cushioned mechanical  stop  is 
located  a  few  degrees  beyond  each  switch. 

The  gear  train  gives  a  144/1  reduction  from  the  servomotor  to  the 
pinion  that  drives  the  large  sector  gear.  The  ratio  between  the  pinion 
and  the  sector  gear  is  25/1,  so  that  the  over-all  ratio  of  the  train  is  3600/1 . 
A  separate  gear  train  consisting  of  two  meshes,  with  a  total  ratio  of  25/1, 
goes  from  the  pinion  shaft  to  the  synchro  and  causes  it  to  rotate  at  1  -speed 
(scanner  speed).  Precision  spur  gearing  is  used  throughout  the  train  to 
avoid  excessive  backlash  and  friction. 

The  results  of  tests  made  on  the  scanner  at  the  Radiation  Laboratory 
show  that  the  average  static  error  for  a  series  of  different  effective  roll 
angles  is  0.2°;  the  maximum  error  does  not  exceed  0.4°.  The  overshoot 
observed  when  an  abrupt  change  of  angle  of  roll  is  made  is  approximately 
equal  to  the  magnitude  of  the  change,  and  the  scanner  reaches  its  steady- 
state  error  after  a  damped  oscillation  of  1  or  1.5  cycles.  Dynamically, 
the  maximum  error  encountered  is  a  transient  of  1°  when  the  roll  rate  is 
5° /sec,  and  the  steady-state  dynamic,  or  velocity,  error  is  considerably 
less.  The  resonant  frequency  of  the  servo  system  is  about  1.5  cps.  It 
should  be  pointed  out  that  in  this  application  static  accuracy  is  more 
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FIG.   7-7. — Simplified  schematic  diagram  of 
GEI  roll-stabilized  scanner. 
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important  than  dynamic,  since  the  servomotor  is  driving  only  when  the 
aircraft  is  actually  changing  its  attitude. 
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Fio.   7-8. — Servomotor,  synchro,   and  gear  box  of  roll-stabilized  scanner.     (Courtesy  of 
Maguire  Industries,  Inc.) 

7-10.  AN/APA-15  Line-of-sight  Stabilization  Attachment.— AN/ 
APA-15  is  an  attachment  for  AN/APS-2,  AN/APQ-13,  and  AN/APS-15 
radars  designed  to  maintain  a  line-of-sight  stabilized  beam.  One  of 
the  earliest  stabilization  equipments,  it  is  built  by  the  Pioneer  Instrument 
Company  as  three  units:  the  gyro  unit,  the  servocontroller,  and  the 
inverter.  The  gyro  unit  is  a  single-axis  transmitter  that  includes  a 
gyro,  synchro,  servomotor,  and  a  reduction  gear  train.  The  inverter 
delivers  0.5  amp  of  three-phase  400-cycle  115-volt  alternating  current 
from  an  input  of  12-amp  24-volt  direct  current.  The  entire  attachment, 
with  the  exception  of  the  inverter,  rotates  with  the  antenna.  It  should 
be  noted  that  in  Fig.  7-2,  which  shows  the  mounting  arrangement  on  an 
AN/APS-2  scanner,  the  reflector  has  been  removed  from  the  installation 
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photographed;  the  motion-picture  camera  is  not  normally  part  of  the 
scanner  but  was  specially  mounted  for  test  purposes.  The  gyro  unit  and 
amplifier  together  weigh  about  20  Ib. 

A  parallelogram  linkage  connects  the  gear  train  with  the  reflector, 
thus  enabling  the  motor  to  drive  the  reflector  about  its  elevation  axis. 
The  linkage  is  schematically  presented  in  Fig.  7-9.  The  arm  OF  from  the 
base  of  the  scanner  to  the  structure  supporting  the  antenna  is  the  tilt- 
control  arm,  normally  present  in 
AN/APS-2  or  AN/APS-15.  This 
arm  is  removed  and  replaced  by 
the  shorter  arm  OE  when 
AN/ APA-15  is  installed.  Chang- 
ing the  length  of  OE  will  change 
the  fixed  angle  of  depression  of  the 
beam.  The  control  is  manual  and 
is  used  at  the  discretion  of  the 
operator.  In  the  diagram  it  is  as- 
sumed that  a  fixed  angle  has  been 
chosen,  and  the  parallelogram  is 
formed  by  ABCD.  The  arms  EA 
and  AB  are  on  a  differential  at 
the  output  of  the  servo  gearing,  as 
seen  in  Fig.  7-2.  The  use  of  this 
linkage  makes  it  convenient  to  put 
the  servomotor  and  gear  train  in 
the  same  housing  as  the  gyro,  with 
a  consequent  saving  in  space  and 
weight. 

There  are  many  flaws  in  the  AN /APA-15  system.  It  suffers  from  the 
gimbal  inertia  error.  The  erection  mechanism  cannot  be  disconnected 
while  the  aircraft  is  turning.  Sector-scanning  during  nonlevel  flight  is 
impossible  because  the  angular  tilt  and  the  accelerations  encountered  at 
the  sector  extremities  cause  the  gyro  to  topple.  The  erection  mechanism 
being  of  the  gravity  type  with  a  ball  that  rotates  clockwise  (described  in 
Sec.  7-8),  the  only  method  that  can  be  used  to  change  the  erection  rate  to 
combat  the  turn  errors  is  to  control  the  direction  and  rate  of  scan.  This 
is  done  by  counterclockwise  scanning  which  decreases  the  rotational  speed 
of  the  erection  mechanism  with  respect  to  the  airplane.  The  decreased 
rotational  rate  results  in  an  increased  erection  rate  and  a  larger  turning 
error.  If  clockwise  scanning  is  utilized,  however,  the  rotational  rate  is 
increased  and  the  erection  rate  is  decreased,  thus  producing  a  smaller 
turning  error. 

Flight  observations  of  an  AN/ APA-15  system  showed  that  because 


Elevation  axis 
of  antenna 

FIG.  7-9. — Schematic  diagram  of  parallelo- 
gram linkage  system  of  AN /APA-15  stabi- 
lizer. The  points  ABCD  form  a  parallelo- 
gram. OF  represents  the  tilt-control  arm 
when  there  is  no  stabilizer  mounted  on  the 
scanner. 
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of  the  introduction  of  turn  and  gimbal  inertia  errors  the  stabilization 
error  was  increased  from  about  ±  2°  to  + 10°  after  a  10°  bank  of  4-min 
duration.  The  test  method  used  is  the  only  one  that  has  been  found  to 
give  reliable  quantitative  results.  It  employs  a  motion-picture  camera 
mounted  in  place  of  the  reflector.  Both  the  camera  and  scanner  are 
enclosed  in  a  special  optically  transparent  radome.  Photographs  of  the 
horizon  at  sea  are  taken  while  the  scanner  is  operating  during  flight  and 
can  be  analyzed  to  give  information  about  the  stabilization  system. 

7-11.  Experimental  Stabilization  System. — Because  of  the  excessive 
size  and  weight  of  the  roll-stabilized  scanner  and  the  poor  performance  of 


FIQ.  7-10. — Block  diagram  of  liiie-of-sight  stabilization  system  using  a  remote  gyro. 

the  AN/APA-15,  neither  of  these  stabilization  systems  described  in  Sees. 
7-9  and  7-10  is  in  current  use. 

Improved  stabilization  equipment  has  recently  been  designed.  The 
antenna  is  line-of-sight  stabilized  by  means  of  a  stable-vertical  gyro  that 
is  rigidly  attached  to  the  airframe  near  the  scanner.  The  scanner  is 
shown  in  Fig.  6-12,  and  the  servo  system  is  schematically  illustrated  in 
Fig.  7-10.  Voltages  proportional  to  the  sines  of  the  roll  and  pitch  angles 
are  obtained  from  take-offs  on  the  gyro.  These  are  fed  into  the  stator  of  a 
two-phase  resolver1  mounted  on  the  scanner.  The  relative  azimuth  0 
of  the  scanner  is  introduced  as  the  mechanical  rotation  of  the  resolver 
shaft.  The  output  voltage  from  the  rotor  winding  of  the  resolver  repre- 
sents the  approximate  desired  tilt  angle  of  the  antenna.  This  is  added  to 

irrhe  resolvers  discussed  in  Sec.  4-10  are  similar  but  have  two  output  voltages. 
As  used  here,  the  resolver  might  better  be  termed  a  "synthesizer"  (cf.  Sec.  7-3). 
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the  output  of  a  manually  controlled  synchro  with  which  the  fixed  depres- 
sion angle  of  the  beam  may  be  controlled.  The  resultant  voltage  is 
amplified  to  control  the  tilt  angle  of  the  antenna. 

The  entire  stabilization  system  weighs  about  50  Ib,  the  servoamplifier, 
gyro,  and  power  inverter  accounting  for  35  Ib.  The  accuracy  of  stabiliza- 
tion has  been  measured  on  the  bench  at  ±  li°  for  roll  and  pitch  angles  up 
to  15°. 


CHAPTER  8 
SCANNER  CONTROL  MECHANISMS 

BY    J.    K.    McKKNDRY    AND    R.    SliER1 
SERVOMECHANISM  PRINCIPLES 

Devices  for  remote  control  of  the  angular  position  of  radar  scanners 
can  be  classified  broadly  in  two  categories,  according  to  the  anticipated 
use  of  the  radar  set.  In  the  first,  if  operational  requirements  are  satisfied 
by  having  the  radar  beam  scan  continuously  in  azimuth  or  through  some 
other  predetermined  pattern,  the  control  mechanism  will  normally  be  in 
the  form  of  a  relatively  simple  motor  speed  controller.  In  the  second 
category,  where  operational  considerations  require  that  the  radar  beam 
traverse  varying  patterns,  which  are,  in  general,  unpredictable  except  as 
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FIG.  8-1. — The  servo  loop. 

to  their  limits,   a   "closed-cycle  controller"   or   "servomechanism''   is 
usually  required. 

This  chapter  is  devoted  largely  to  the  discussion  of  servomechanisms, 
although  examples  of  the  simpler  controllers  are  mentioned.  Its  purpose 
is  to  acquaint  the  mechanical  designer  with  only  the  broad  outlines  of 
servomechanism  design  and,  in  particular,  with  the  effect  of  mechanical 
design  factors  on  the  quality  of  servomechanism  performance.  The 
scope  and  minuteness  of  detail  are  limited  accordingly.  For  a  more 
complete  treatment  of  the  subject  the  reader  is  referred  to  Theory  of 
Servomechanisms,  Vol.  25,  Radiation  Laboratory  Series. 

8-1.  The  Servo  Loop. — The  distinguishing  characteristic  of  a  scanner 
servomechanism,  as  contrasted  to  simpler  controllers,  is  the  closed  cycle 

1  Sees.  8-9,  8-10,  and  8-12  are  by  R.  Sher. 
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or  loop,  shown  schematically  in  Fig.  8-1,  which  permits  the  continuous 
comparison  of  the  input  and  output  angles  and  establishes  a  controlling 
torque  as  a  function  of  the  angular  difference  or  error. 

The  diagram  includes  the  essential  servomechanism  components  and 
indicates  their  functional  relationship.  A  complete  scanner  control 
system  may  consist  of  several  such  loops  functioning  interdepcndently, 
but  for  purposes  of  this  discussion  the  simple  loop  diagram  may  be 
considered  completely  representative. 

The  following  definitions  specify  the  physical  nature  of  the  various 
components  of  the  servo  loop  and  to  some  extent  indicate  their  interaction. 

6i(t)  =  input  angle  or  desired  scanner  angle  as  a  function  of  time. 

00(t)  =  output  angle  or  actual  scanner  angle  as  a  function  of  time. 
e(t)  =  angular  difference  between  6i(t)  and  00(t). 

Te(t)  =  controlling  torque  exerted  by  the  servomotor. 
7*0(0  =  disturbing  torques  on  the  scanner,  e.g.,  wind  forces. 
J0  =  moment  of  inertia  of  the  rotating  scanner  mechanism. 
f0  =  coefficient    of   viscous   friction    of   the   scanner   mechanism 
(frictional  force  proportional  to  velocity). 

In  brief  outline,  the  sequence  of  operation  of  the  servo  loop  com- 
ponents is  as  follows.  The  input  member  is  caused  to  assume  an  angular 
position  0i,  the  desired  angular  position  of  the  scanner.  This  angle  is 
fed  into  the  data-transmission  system  which  instantaneously  computes 
an  algebraic  quantity  c,  the  angular  difference  between  0t  and  the  actual 
scanner  angle  60.  This  difference,  or  error  quantity,  €  is  transmitted  to 
the  servo  controller  whose  response  causes  the  servomotor  to  apply  a 
torque  Tc  to  the  rotation  axis  of  the  scanner.  The  scanner  rotation 
resulting  from  this  torque  is  in  such  a  direction  as  to  produce  a  value  of 
B0  equal  to  0t-  and  consequently  to  reduce  t  to  zero.  If  0t-  remains  fixed, 
the  scanner  eventually  comes  to  rest  with  00  =  0»  unless  restrained  by 
some  disturbing  torque  T0. 

In  general,  this  operation  of  the  control  mechanism  is  not  an  isolated 
event  but  is  one  of  a  continuing  series.  For  purposes  of  a  useful  analysis 
of  the  system,  0t-  must  be  regarded  as  a  variable  function  of  time,  and  all 
other  quantities  dependent  on  0,  are  then  also  functions  of  time.  They 
are  so  labeled  in  the  diagram  and  will  be  treated  as  such  in  the  following 
discussion. 

8-2.  Basic  Servo  Equations. — To  arrive  at  any  useful  understanding 
of  the  operation  of  the  servo  loop  it  is  necessary  to  express  the  functional 
relationships  of  the  various  components  in  mathematical  form.1  Refer- 

1  Based  on  the  derivation  given  in  "Dynamic  Behavior  and  Design  of  Servo- 
mechanisms,"  by  Gordon  S.  Brown  and  Albert  C.  Hall.  Paper  No.  45-A-20,  con- 
tributed by  the  Instruments  and  Regulators  Division  for  presentation  at  the  November 
1945  annual  meeting  of  the  American  Society  of  Mechanical  Engineers  in  New  York 
City. 
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ring  to  the  loop  diagram  and  the  definitions  previously  given,  the  follow- 
ing expressions  can  be  stated  immediately. 

•(«)  =  «,(«)  -  ».(<).  (1) 

+  T.(0.  (2) 


Te(t)  =k*  +  m^  +  n^  +  s  I    tdt.  (3) 

Equation  (2)  states  that  the  controller  torque?  Tc(t)  applied  to  the 
rotating  mechanism  of  the  scanner  is  consumed  in  accelerating  the  system 
and  in  overcoming  the  viscous  friction  of  the  mechanism  and  any  dis- 
turbing torques  applied  to  it.  Equation  (3)  expresses  the  controller 
torque  as  a  function  of  the  error  angle  c.  The  reason  for  the  particular 
form  of  this  expression  is  not  immediately  obvious  and  will  be  discussed  in 
some  detail  in  later  paragraphs.  It  should  be  noted  at  this  point  that 
Eq.  (3)  is  idealized  in  the  sense  that  it  is  not  physically  possible  to  produce 
a  controlling  torque  that  is  a  function  of  the  exact  derivative  and  integral 
functions  of  e  as  expressed  in  the  equation.  Commonly  used  means  of 
approximating  these  functions  will  also  be  described  later. 

To  facilitate  the  further  manipulation  of  the  loop  equations  it  is  con- 
venient to  use  the  operational  notation  and  procedures.  In  this  form,  the 
symbol  p  is  understood  to  represent  the  operation  d(  )/dt,  pn  represents 

dn(     )/dln,  and  1/p  represents  /    (     )  dl.     Through  application  of  these 
conventions,  Eqs.  (2)  and  (3)  become 

Tc(t)  =  (J0p2  +f0p)00(1)  +  Ta(t),  (2o) 

/  A 

T0(t)  =  (  k  +  mp  +  np2  +  -  1  e(0,  (3a) 

or 

where  Gc(p)  represents  the  entire  operator  of  Eq.  (3a). 

Since  the  quantity  e(/)  is  a  measure  of  the  accuracy  with  which  the 
scanner  reproduces  the  input  motion,  an  explicit  expression  for  e(0  in 
terms  of  design  quantities  is  useful  in  predicting  the  performance  of  the 
servomec nanism  or  in  establishing  desirable  values  for  the  design  quan- 
tities. Such  an  expression  can  be  derived  as  follows: 
From  Eqs.  (2o)  and  (36) 

G.(PMO  =  (J«P2  +  /op)*.(0  +  T0(t).  (4) 

Combining  Eqs.  (1)  and  (4),  we  find 

)  -  e(01  +  7VO,  (5) 
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or 


r.(0,         (6) 

Let  us  now  consider  a  system  for  which  e(0  is  a  solution  of  Eq.  (6) 
and  impose  on  it  a  sudden  shift  of  the  input  angle  corresponding  to  a  step 
function;  i.e.,  the  input  angle  is  made  to  undergo  a  sudden  discontinuous 
finite  change  A0»,  and  thereafter  to  maintain  the  values  that  it  would  have 
had  without  the  shift,  except  that  they  are  all  shifted  by  this  amount. 
Since  Eq.  (6)  is  a  linear  differential  equation,  the  solution  for  €  will  be 
the  sum  of  the  original  one  and  another  solution  that  corresponds  to  the 
shifting  of  0t-  by  the  step  function.  For  the  step  function  the  right-hand 
side  of  Eq.  (6)  is  zero,  since  the  derivatives  of  0;  are  zero  after  the  shift 
has  been  made,  and  there  has  been  no  addition  to  T0(t).  The  additional 
solution  for  e  to  be  added  to  the  original  one  in  this  assumed  single  case  is 
thus  the  solution  of  the  complementary  equation  of  Eq.  (6),  obtained  by 
putting  the  right-hand  side  equal  to  zero  : 

[Gc(p)+/,p»+/opMO  =  <>•  (7) 

The  further  treatment  of  this  equation  is  entirely  analogous  to  the 
one  that  is  familiar  in  various  problems  of  damped  oscillatory  motion.  A 
function  of  the  form 

c(0  =  AS', 

in  which  A  and  r  are  constants,  is  obviously  a  solution.  Substituting  it 
into  Eq.  (7)  we  find  the  equation  giving  the  values  of  r  that  will  give  such 
solutions  : 

Gc(r)  +  J0r*  +  f0r  =  0.  (8) 

Any  root  of  Eq.  (8)  gives  a  possible  solution  of  Eq.  (6).  When  Gc  has  the 
full  generality  expressed  by  Eqs.  (3a)  and  (36),  Eq.  (8)  will  be  a  cubic 
equation  having  roots  r\,  rz,  and  r3.  The  solution  corresponding  to  the 
assumed  shift  of  0t  will  be  the  sum  of  the  three  separate  solutions  corre- 
sponding to  the  three  roots: 


(9) 

The  values  of  the  constants  AI,  At,  and  A3  are  to  be  determined  from  the 
initial  conditions  for  c,  de/dt,  etc.,  at  the  time  at  which  the  shift  A0<  is 
made. 

If  the  coefficient  s  of  Eq.  (3)  is  zero,  Eq.  (8)  is  a  quadratic,  there  are 
only  two  terms  in  Eq.  (9),  and  the  whole  solution  reduces  to  the  familiar 
one  of  damped  harmonic  motion. 

All  of  these  preceding  general  remarks  also  apply  if  the  step  function 
expresses  a  discontinuous  change  of  T0(t]  rather  than  of  0*.  Equation  (6) 
then  becomes  one  that  has  a  constant  on  the  right-hand  side,  but  the 
solutions  are  of  the  same  form. 
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The  nature  of  the  transient  response  of  the  system  is  specified  by  the 
nature  of  the  roots  n,  r2,  etc.  If  the  roots  are  real  and  negative,  the 
response  will  be  stable  and  aperiodic  ;  if  complex  with  negative  real  parts, 
the  response  will  be  a  damped  oscillatory  motion.  Two  equal  negative 
real  roots  correspond  to  the  boundary  condition  of  critical  damping. 
Positive  real  roots  or  positive  real  parts  of  complex  roots  indicate  an 
inherently  unstable  system. 

In  Eq.  (3)  the  controller  torque  Tc(t)  is  expressed  as  a  function  of  e, 
the  first  and  second  time  derivatives  of  c,  and  the  time  integral  of  e.  All 
these  terms  were  included  for  the  sake  of  generality,  but  in  many  types  of 
controllers  one  or  more  of  the  coefficients  may  be  zero.  In  the  simplest 
basic  controller,  all  coefficients  except  A;  are  zero.  Since  Gc(p)  is  then 
equal  to  k,  Eq.  (8)  reduces  to 


k  =  0,  (10) 

and  the  roots  are 


From  this  it  is  seen  that  the  system  will  be  stable,  since  f0  and  J0  are 
inherently  positive;  it  will  be  aperiodic  if  Jl/^Jl  >  k/J0  and  oscillatory  if 
fl/^J20  <  k/J0.  _  Significant  relationships  in  these  roots  are  the  "damping 
ratio"  /0/2  \/Jok,  which  is  the  ratio  of  the  actual  damping  to  the  damping 
that  would  cause  aperiodic  system  response  [the  value  of  f0/2J0  that 
would  make  the  radical  of  Eq.  (11)  =  0]  and  the  "  undamped  natural 
frequency"  \/k/J0,  which  gives  the  oscillation  frequency  in  radians  per 
second  when  f0  =  0  and  no  damping  exists.  The  limitations  of  such  a 
simple  controller  are  made  more  obvious  by  deriving  the  expression  for 
the  steady-state  error  of  the  system  for  a  constant  velocity  input.  Set- 
ting Gc(p)  in  Eq.  (6)  equal  to  &,  and  substituting  wt-  for  p8t(t)}  we  find 

(J0p2  +  f<,p  +  k)e(t)  =  (J0p  +  foot  +  T0(t).  (6a) 

For  constant  values  of  a*  and  T0,  all  terms  involving  p  eventually  become 
equal  to  zero,  and  the  value  of  e  in  the  steady  state  c«  is  given  by 

foWj   +    TQ  ,    ,. 

CM   =    -  £  --  (66) 

It  is  then  obvious  that  to  maintain  a  small  error  under  constant  velocity 
conditions  k  must  be  large  with  respect  to  f0  (disregarding  the  effect  of 
To).  However,  examination  of  the  expression  for  the  damping  ratio 
shows  that  its  magnitude  is  reduced  if  k  is  increased  relative  to  f0.  The 
effect  of  this  reduction  is  to  permit  transient  oscillations  to  persist  for  a 
longer  time.  Selection  of  the  value  of  &  must  then  be  a  compromise 
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between  a  high  steady-state  velocity  error  and  poorly  damped  transient 
oscillations.  The  usefulness  of  the  simple  controller  is  also  limited, 
because  true  viscous  friction  is  seldom  present  to  any  significant  degree 
in  scanner  mechanisms.  Then  k  must  be  made  so  small  for  satisfactory 
damping  that  any  constant  disturbing  torques  T0  on  the  scanner  will 
result  in  large  constant  errors. 

These  conditions  can  be  improved  by  the  use  of  a  controller  function 
having  time-derivative  terms.     Equation  (10)  then  becomes 

J0r2  +f0r  +  k  +  mr  +  nr1  -  0  (12) 

or 

(J0  +  n)r*  +  (f0  +  m)r  +  A;  =  0,  (I2a) 

and  the  roots  are 


_ 

l'    z        2(J0  +  n)  ~       \4(,A,  +  ny       (Jti  +  n) 

With  this  type  of  controller  it  is  possible,  by  varying  the  values  of  m  and 
rij  to  make  the  real  parts  of  the  roots  as  large  as  desired,  thereby  damping 
out  transient  oscillations  quickly  while  maintaining  a  high  value  of  k  with 
resulting  high  steady-state  accuracy.  The  function  of  an  integral  term 
in  the  controller  output  is  to  reduce  the  constant  velocity  error.  The 

value  of  s  I   edt  eventually  becomes  so  large  as  t  increases  that  the  con- 

troller will  maintain  a  constant  velocity  with  e  reduced  to  zero. 

The  preceding  mathematical  treatment  has  been  general  and  does 
not  necessarily  represent  the  best  approach  to  the  problem  of  designing  a 
specific  servomechanism.  For  example,  in  some  types  the  time  lag  in 
the  servomotor  response  may  be  negligible  in  comparison  with  time  lags 
in  the  controller;  in  this  case  the  quantities  J0  and  f0  must  be  redefined 
to  represent  the  equivalent  quantities  in  the  controller.  In  other  types, 
both  servomotor  and  controller  may  have  time  lags  of  the  same  order  of 
magnitude;  both  must  therefore  be  included  in  the  analysis.  Not  only 
the  basic  definitions  but  also  the  form  of  the  servo  equations  may  be 
altered  by  such  considerations.  The  solutions,  however,  will  normally  be 
found  in  forms  similar  to  those  given.  Special  treatment  for  particular 
types  of  servomechanisms  will  be  indicated  in  following  sections. 

In  order  to  specify  the  performance  of  an  actual  servomechanism  com- 
pletely and  to  include  the  effects  of  all  time  lags  and  energy  storage 
elements  in  the  system,  it  is  sometimes  found  that  Eq.  (8)  must  be  of 
cubic  or  higher  order.  Since  the  solutions  for  transient  response  become 
progressively  more  laborious  as  the  order  of  the  equation  increases,  it  is 
sometimes  preferable  to  base  the  design  of  a  system  on  the  relatively 
simple  calculations  of  response  to  steady-state  sine-wave  inputs  over  a 
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range  of  useful  frequencies.1  Transient  response  can  be  correlated  with 
the  results  of  these  computations;  in  many  applications  the  sinusoidal 
steady-state  error  is  of  much  greater  weight  than  the  transient  error. 

8-3.  The  Input  Member. — In  the  introductory  paragraph  of  this 
chapter  it  was  stated  that  servomechanisms  are  generally  used  where  the 
angle  of  the  required  position  of  the  scanner  cannot  be  predicted  as  a 
function  of  time  except  with  regard  to  its  limits.  In  order  to  establish 
these  limits  it  is  necessary  to  know  the  nature  of  the  input  member  of 
the  servo  loop.  In  common  radar  practice  this  member  may  take  the 
form  of  a  handwheel,  which  may  be  positioned  manually  by  the  radar 
operator  or  driven  in  continuous  or  oscillatory  motion  by  a  control  motor. 
The  input  member  may  be  a  gyroscopic  stable  vertical,  a  stabilization 
computer,  or  a  gyrocompass,  or  it  may  be  a  target  aircraft  or  surface  craft 
that  the  radar  is  tracking  automatically.  Frequently  the  complete  input 
member  may  be  made  up  of  a  scries  of  such  members  with  their  outputs 
combined  to  produce  0,-  in  the  servo  loop.  The  limiting  characteristics 
of  the  input  element  that  must  be  known  in  order  to  establish  a  basis  for 
servomechanism  design  are  its  maximum  angular  velocity  and  accelera- 
tion and  the  range  of  frequencies  present  in  its  motion. 

It  is  more  difficult  to  predict  limits  of  velocity  and  frequency  for  a 
control  handwheel  that  is  manually  positioned  by  a  radar  operator  than 
for  any  other  usual  type  of  input  member.  For  the  operator's  con- 
venience the  control  member  should  be  easily  operable;  but  if  this  prin- 
ciple is  carried  to  extremes,  there  is  no  significant  limit  to  the  motions 
that  may  be  fed  into  the  servomechanism.  On  the  other  hand,  if  the 
motion  of  the  input  member  is  restricted  by  such  factors  as  inertia  or 
friction,  the  proper  functioning  of  the  radar  system  may  be  hampered. 
The  best  solution  of  this  difficulty  appears  to  be  the  use  of  an  input  mem- 
ber that  can  be  easily  manipulated  in  the  manner  required  by  any 
imaginable  operational  conditions.  The  other  servomechanism  com- 
ponents can  then  be  designed  to  limit  the  actual  response  to  meet  only 
the  operational  requirements,  regardless  of  excessive  input  velocities  and 
accelerations  applied  by  the  operator. 

For  the  second  type  of  input  member,  as  exemplified  by  the  stabiliza- 
tion devices  and  compasses  mentioned  above,  the  input  limits  can  be 
defined  fairly  well.  Since  the  relative  motion  of  these  components  is 
generally  the  negative  equivalent  of,  for  example,  the  angular  motion  of 
the  deck  plane  of  a  ship  or  the  displacement  from  true  north  of  the  fore- 
and-aft  line  of  a  ship,  it  can  readily  be  calculated  from  the  values  and 
natural  periods  of  maximum  roll,  pitch,  and  yaw  angles  and  maximum 

1  A.  C.  Hall,  "Tho  Analysis  and  Synthesis  of  Linear  Servomechanisms,"  Ph.  D 
thiariB,  M.I.T.,  1943. 
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turn  rates.     These  quantities  are  known  for  most  types  of  naval  surface 
craft  and  for  aircraft. 

A  great  deal  of  study  has  been  expended  on  the  functioning  of  a  radar 
target  as  the  input  member  of  a  servomechanism.  In  general,  the  limits 
of  velocity  and  acceleration  of  such  a  member  can  be  predicted  with  good 
accuracy  and  constitute  only  a  minor  factor  in  the  servomechanism  associ- 
ated with  an  automatic-tracking  radar. 

It  should  be  noted  that  the  limits  of  velocity  and  acceleration  that 
can  be  assigned  to  the  input  member  do  not  necessarily  represent  the 
maximum  transient  values  that  can  be  applied  to  the  controller.  If  the 
system  is  suddenly  energized,  with  a  large  value  of  error  present  the  effect 
is  the  same  as  for  an  applied  step  function  of  input,  and  the  full  transient 
torque  will  be  developed.  Thus,  the  strength  of  the  design  must  be  based 
on  the  analysis  of  transients  (including  saturation  effects)  even  though 
the  accuracy  of  the  performance  is  predicted  for  steady-state  conditions. 

8-4.  The  Servomotor. — The  characteristics  of  the  servomotor,  or 
torque-producing  component  of  the  servo  loop,  will  usually  constitute  a 
major  factor  in  setting  the  ultimate  limits  of  performance  of  the  servo- 
mechanism.  Since  the  servomotor  is  normally  torque-consuming  as 
well  as  torque-producing,  it  influences  every  term  of  both  operators  of 
Eq.  (7)  to  some  extent.  Conversely,  the  important  considerations  in 
the  selection  of  a  servomotor  for  a  specific  application  can  be  derived  from 
examination  of  the  basic  servo  equations.  The  effect  of  the  motor  con- 
stants on  the  performance  of  the  servomechanism  can  be  demonstrated 
most  clearly  if  it  is  assumed  that  the  servo  controller  is  of  the  simplest 
type,  producing  a  controller  output  directly  proportional  to  the  error 
angle;  Gc(p)  is  then  equal  to  k. 

Equation  (11),  which  gives  the  roots  of  the  transient  equation  for 
this  type  of  controller,  shows  that  the  transient  behavior  depends  on  the 
relative  values  of  f0,  J0,  and  k. 

As  previously  stated,  true  viscous  friction  seldom  occurs  to  any 
important  extent  in  scanner  mechanisms,  and  an  equivalent  term  must 
be  inserted  in  the  controller  in  order  to  obtain  quickly  damped  response. 
Controller  design  is  considerably  simplified,  however,  if  the  servomotor 
has  a  characteristic  that  produces  an  effect  similar  to  viscous  friction. 
This  is  the  case  if  the  motor  torque  decreases  as  its  speed  increases  under 
constant  input  conditions.  If  the  torque-speed  characteristic  of  the 
servomotor  is  of  this  type,  and  if  the  decrease  in  torque  per  unit  increase 
in  speed  is  reasonably  constant  over  the  operating  range  of  the  motor,  the 
damping  may  be  satisfactory  for  many  applications  without  the  use  of  a 
first  derivative  term  in  the  controller  output. 

The  term  J0  has  previously  been  defined  as  the  moment  of  inertia  of 
the  rotating  system  and  must  include  that  of  the  servomotor.  In  com- 
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mon  types  of  scanner  servomechanisms  the  inertia  of  the  servomotor  may 
constitute  considerably  more  than  one  half  of  the  total  value  of  J0 
because  the  motor  is  usually  geared  up  from  the  scanner  axis  and  its 
inertia  is  effectively  multiplied  by  n2,  n  being  the  motor-to-scanner  gear 
ratio. 

The  effect  of  the  inertia  term  on  the  response  of  the  servomechanism 
is  seen  by  examination  of  the  expressions  for  the  damping  ratio  and  the 
natural  frequency.  With  other  terms  held  constant,  increasing  J0  reduces 
the  damping  ratio  and  the  natural  frequency  of  the  system.  Transient 
oscillations  will  then  be  of  longer  duration;  i.e.,  the  response  will  be  slower. 

In  the  preceding  discussion  it  has  been  tacitly  assumed  that  k  is  a 
pure  constant.  This  assumption  is  necessary  if  the  performance  of  the 
servomechanism  is  to  be  expressed  in  the  form  of  a  linear  differential 
equation.  Variation  of  k  with  €  results  in  a  differential  equation  of  higher 
degree,  which  will  usually  be  more  difficult  to  solve.  This  suggests  that 
the  torque  developed  by  the  servomotor  should  be  a  linear  function  of 
the  controller  output,  since  it  is  generally  easier  to  design  a  controller 
whose  output  is  a  linear  function  of  input  than  it  would  be  to  introduce 
nonlinearity  of  the  controller  to  compensate  for  nonlinearity  of  the  servo- 
motor. Servomotors  are  never  precisely  linear  in  response,  but  those  in 
common  use  are  sufficiently  so  to  make  compensation  of  the  controller 
unnecessary.  The  restriction  to  approximate  linearity  applies  only 
over  the  range  of  speeds  and  torques  required  by  the  particular  applica- 
tion. Any  servomotor  will  respond  nonlinearly  if  sufficiently  overdriven. 
The  criterion  for  the  calculation  of  the  required  servomotor  rating  is, 
accordingly,  that  the  motor  must  have  sufficient  rated  torque  to  control 
the  inertia  of  the  scanner  and  motor  in  accordance  with  any  velocity 
and  acceleration  within  the  operating  range  of  the  input  member.  Use 
of  the  rated  torque  in  this  calculation  usually  allows  a  comfortable  margin 
of  safety  before  the  nonlinear  region  is  reached. 

Three  general  types  of  servomotors  have  had  wide  application  in 
servomechanisms  for  scanner  control.  These  are  the  polyphase  a-c 
electric  motor,  the  d-c  electric  motor,  and  the  hydraulic  motor.  Each 
has  basic  merit,  and  for  a  particular  application  the  choice  will  frequently 
be  governed  purely  by  engineering  considerations  or  even  by  the  personal 
prejudice  of  the  designer. 

In  many  respects  the  hydraulic  motor  approaches  the  characteristics 
of  the  ideal  servomotor  more  nearly  than  does  any  other  available  type. 
The  motor  is  usually  controlled  by  regulating  the  delivery  rate  of  the 
pump  that  feeds  it.  With  this  type  of  system  the  motor  response  can  be 
an  accurately  linear  function  of  the  setting  of  the  pump  regulator  within 
the  operating  range.  Furthermore,  the  torque-speed  slope  can  be  made 
very  steep  and  constant,  giving  a  large  constant  damping  factor.  The 
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torque/inertia  ratio  of  the  hydraulic  motor  is  likewise  favorable.  To  bo 
weighed  against  these  advantages  are  the  relative  mechanical  complexity 
and  the  high  precision  required  in  manufacture.  The  repair  and  main- 
tenance of  hydraulic  systems  have  not  been  so  satisfactory  as  with  sys- 
tems using  electric  motors,  presumably  because  of  the  greater  familiarity 
of  radar  maintenance  personnel  with  electric  motors.  Another  dis- 
advantage is  that  the  smallest  available  hydraulic  systems  are  too  heavy 
for  lightweight  airborne  radars. 

The  d-c  electric  motor,  as  used  in  scanner  servomechanisms,  is  usually 
operated  with  fixed-field  excitation  and  is  controlled  by  regulation  of  the 
armature  voltage.  (An  exception  is  the  field-controlled  d-c  servomotor 
described  later  in  this  chapter.)  With  properly  designed  compensating 
field  windings  the  motor  with  armature  control  has  good  torque-speed 
characteristics  and  reasonably  linear  response  to  the  control  voltage, 
except  that  the  coulomb  friction1  of  the  brushes  and  commutator  causes  a 
discontinuity  in  the  control  at  zero  speed.  This  is  not  of  importance 
except  in  very  small  sizes  where  the  torque  resulting  from  brush  friction 
may  be  comparable  in  magnitude  to  the  rated  torque;  of  the  motor.  The 
torque/inertia  ratio  is  not  so  high  as  in  the  hydraulic  motor  but  has  been 
found  adequate  for  even  the  most  precise  scanner  control  requirements. 

The  ideal  mechanical  simplicity  of  the  polyphase  induction  motor 
gives  it  a  strong  advantage  in  other  applications,  but  as  a  servomotor  it 
has  been  less  widely  used  than  either  the  d-c  electric  or  hydraulic  motors 
because  of  its  torque-speed  curves,  which  have  a  slope  varying  from  a 
high  positive  value  near  synchronous  speed  to  a  negative  value  nearly  as 
large  at  low  speeds.  To  produce  characteristics  useful  in  a  servomotor,  it 
is  necessary  to  use  rotor  conductors  of  higher  resistance  than  those  in 
standard  types  of  induction  motors.  Rotor  losses  are  consequently 
high,  and  the  problem  of  heat  dissipation  becomes  very  troublesome. 
Recent  advances  in  the  design  of  polyphase  motors  have  increased  the 
torque/inertia  ratio  and  improved  the  cooling  arrangements;  some  very 
good  motors  are  now  available  in  ratings  up  to  1  hp. 

8-6.  The  Servo  Controller. — The  function  of  the  servo  controller  is 
basically  the  transformation  of  the  error  quantity  t(t),  usually  a  voltage, 
into  some  other  quantity  suitable  for  application  to  the  servomotor  to 
produce  a  positioning  torque.  As  indicated  in  Eq.  (3),  the  controller 
output  is  not,  in  general,  simply  proportional  to  the  error  quantity  but 
may  have  components  proportional  to  the  time  integral  and  time  deriva- 
tives of  the  error  quantity.  The  controller,  therefore,  will  customarily 
have  an  output  stage  designed  to  furnish  a  controller  quantity  specifically 
suited  to  the  particular  type  of  servomotor,  a  proportional  amplifier, 

1  Coulomb  friction  is  a  force  that  is  substantially  independent  of  velocity  and 
always  in  opposition  to  the  direction  of  rotation. 


SEC.  8-5]  THE  SERVO  CONTROLLER  221 

and  an  " equalizing  network"  that  computes  the  integral  and  differential 
terms  and  combines  them  in  the  proportions  necessary  to  assure  satis- 
factory performance.  These  three  components  may  not  be  clearly 
defined  in  any  given  controller,  but  for  purposes  of  analysis  they  can  be 
considered  as  being  separate. 

The  nature  of  the  output  stage  of  the  controller  determines  to  a 
considerable  extent  the  form  in  which  the  defining  equations  must  be 
expressed  in  order  to  represent  the  actual  servo  performance  to  the  best 
approximation.  For  example,  if  the  controller  output  is  best  represented 
as  a  voltage  to  be  impressed  on  the  armature  of  a  d-c  servomotor,  the 
characteristics  of  the  motor  that  are  important  in  the  denning  equations 
are  its  inertia  and  its  viscous-friction  component.  If,  on  the  other  hand, 
the  controller  is  regarded  as  impressing  a  current  on  the  armature,  the 
motor  can  be  regarded  as  having  an  inertia  term  but  no  viscous  friction. 
In  either  case,  certain  factors,  such  as  the  electrical  impedance  of  the 
output  stage  and  the  armature,  will  be  present  arid  their  importance  will 
be  minimized  or  accentuated  by  the  choice  of  the  form  in  which  the 
controller  function  is  stated.  Normally,  the  form  of  this  expression 
should  be  chosen  to  permit  lumping  of  system  constants  with  conse- 
quent reduction  of  the  order  of  the  operational  expressions  for  the  servo 
performance. 

In  scrvomechanisms  using  d-c  armature-controlled  electric  motors, 
the  commonest  type  of  controller  output  stage  is  a  constant-speed  d-c 
generator  whose  output  voltage  is  proportional  to  the  current  that  pro- 
duces an  exciting  field.  Since  it  is  desirable  to  control  the  current  of  the 
exciting  field  with  low-power  vacuum  tubes,  the  generator  must  have  a 
high  ratio  of  output  power  to  power  of  the  control  field.  This  has  been 
accomplished  by  using  a  two-stage  generator  or  an  Amplidyiie  (manu- 
factured by  the  General  Electric  Company) .  In  the  Amplidyne,  excitation 
of  the  control  field  causes  a  current  flow  through  a  pair  of  short- 
circuited  brushes  on  the  commutator.  This  relatively  high  current  in 
the  armature  induces  a  strong  field,  which  in  turn  excites  a  high  voltage 
between  the  output  brushes  that  are  located  in  quadrature  with  the  short- 
circuited  brushes.  A  power  gain  of  about  1000  can  easily  be  obtained  in 
this  way.  If  the  current  of  the  control  field  is  regulated  by  a  pair  of 
pentodes,  the  time  lag  in  the  Amplidyne  is  usually  negligible. 

Another  method  of  armature  control  for  d-c  servomotors  utilizes  a 
pair  of  thyratrons  connected  to  furnish  rectified  current  to  the  armature. 
The  polarity  of  the  rectified  current  depends  on  which  thyratron  is  turned 
on.  This  method  has  not  been  widely  used  in  scanner  servomechanisms. 

Thyratrons  have  also  been  used  to  control  polyphase  servomotors, 
usually  in  circuits  similar  to  that  shown  in  Fig.  8-2.  The  a-c  supply 
voltage  is  impressed  between  the  common  terminal  c  of  LI  and  Z/2,  the 
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field  coils  of  a  two-phase  motor,  and  the  common  connection  d  of  TI  and 
T2,  a  pair  of  saturable  core  transformers.  If  the  thyratrons  are  not 
conducting,  the  primary  impedance  of  transformers  T\  and  T%  is  so  high 
that  only  a  small  fraction  of  the  line  voltage  appears  across  L\  and  L2. 
If  only  Vi  is  made  conducting,  the  rectified  current  through  the  secondary 
of  TI  saturates  its  core  and  reduces  its  primary  impedance  with  the  result 
that  a  larger  fraction  of  the  line  voltage  appears  between  terminals  a 
and  c.  A  current  due  to  this  voltage  flows  in  Li,  and  a  current  shifted 
90°  ahead  in  phase  flows  through  the  series  combination  of  L2  and  C. 
The  rotating  field  produced  by  these  currents  causes  the  rotor  to  revolve 
in  the  same  direction.  If  T2  is  made  conducting,  the  result  is  the  same 


A-c  supply 
FIG.  8-2. — Thy  ration  controller  for  polyphase  motor. 

except  that  the  current  in  L2  is  then  in  phase  with  the  line  voltage  and 
the  current  in  L\  is  90°  ahead.  Rotation  of  the  field  and  the  rotor  is  thus 
opposite  to  that  produced  by  allowing  V\  to  conduct. 

In  hydraulic  systems  the  output  stage  of  the  controller  normally 
consists  of  a  variable  displacement  pump  together  with  the  mechanism  for 
controlling  its  displacement.  This  mechanism  may  consist  of  one  or 
more  hydraulic  amplifiers  and  some  sort  of  electromechanical  torque 
motor.  In  some  cases  the  response  of  a  hydraulic  motor  to  variations  in 
pump  displacement  is  so  rapid  that  the  time  lag  of  the  motor  is  negligible 
in  comparison  with  the  time  lag  in  producing  the  variations  in  displace- 
ment. The  response  of  the  servomechanism  is  then  mainly  determined 
by  the  characteristics  of  the  output  stage  of  the  controller. 

The  process  of  computing  time  derivative  and  integral  functions  of 
the  servo  error  is  ordinarily  performed  by  the  use  of  electrical  circuits 
that  produce  a  close  approximation  to  the  desired  function  over  the 
required  range  of  input  frequencies.  Figure  8-3  shows  two  basic  circuits 
frequently  used  for  such  purposes.  In  circuit  A,  if  e£  is  an  input  voltage, 
the  output  e0  will  consist  of  a  term  proportional  to  et  and  a  term  propor- 
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tional  to  the  time  derivative  of  ct.  The  output  of  circuit  B  contains 
terms  proportional  to  ^  and  to  the  time  integral  of  e».  This  is  true  over  a 
considerable  range  of  frequencies,  and  the  outputs  bear  a  useful  resem- 
blance to  these  functions  even  for  a  step  function  of  input  voltage. 

In  some  controllers  it  is  necessary  to  preserve  the  carrier  frequency  of 
the  data-transmission  system  for  application  to  the  servomotor;  it  follows 
that  equalizing  networks  must  operate  directly  on  the  amplitude-modu- 
lated carrier.  Circuits  that  have  been  used  for  this  purpose  include  the 
Wien  bridge,  the  bridged  T  and  parallel  T,  and  the  carrier-resonant 


Another  method  of  equalization  that  has  been  used  frequently  with 
d-c  servomotor  controllers  is  based  on  the  degenerative  feedback  into  the 


(a)  (6) 

FIG.  8-3. — Equalizing  networks.     In  each  circuit  d  is  the  input  voltage  and  eu  is  the  output 

voltage  of  the  network. 

controller  of  a  voltage  proportional  to  the  acceleration  of  the  servomotor. 
The  effect  is  a  reduction  of  response  over  a  critical  range  of  frequencies. 

All  of  the  servomechanisms  previously  discussed  have  been  assumed 
to  be  of  the  lt continuous  control  type,"  in  which  the  controlling  torque 
is  a  linear  function  of  €  and  its  time  derivatives  and  time  integral.  There 
exists,  however  a  very  useful  and  popular  class  of  servo  controller  that 
has  an  output  stage  consisting  of  electrically  operated  relays.  With 
this  type  of  controller,  restoring  torque  is  applied  as  a  step  function  of  c 
(in  more  complex  circuits,  a  series  of  step  functions),  and  the  previously 
derived  equations  are  consequently  not  valid.  The  general  considera- 
tions are  nevertheless  much  the  same.  Relay  control  can  be  applied  to 
both  a-c  and  d-c  servomotors  and  also  to  hydraulic  controllers.  It  has 
been  widely  used  in  low-accuracy  applications. 

8-6.  Data -transmission  Systems. — The  function  of  a  data-trans- 
mission system  in  the  servo  loop  is,  as  previously  mentioned,  to  com- 
pare continuously  the  actual  scanner  angle  with  the  desired  angle  and  to 
compute  a  quantity  proportional  to  the  error.  Since  the  scanner  is 
usually  not  at  the  same  place  as  the  input  member,  the  commonest  and 
most  convenient  types  of  data-transmission  systems  are  electrical,  usually 
consisting  of  a  pair  of  synchros,  as  shown  in  Fig.  8-4. 
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The  synchro  generator  or  transmitter  is  very  similar  in  construction  to 
an  ordinary  three-phase  electrical  generator.  It  has  a  two-pole  rotor 
with  a  single  electrical  winding  and  a  stator  with  three  equally  spaced 
windings  connected  in  Y  or  A.  When  an  alternating  voltage  of  rms  value 
Eo  is  applied  between  the  rotor  terminals  Ki  and  R2  (with  the  rotor  held 
stationary  with  respect  to  the  stator),  the  rms  voltages  induced  between 
the  pairs  of  stator  terminals  Si,  Sz,  and  S3  are  given  by  the  following 
expressions : 

E(Kv  .Kl)  =  KEG  sin  (ft  -  120°).  (14a) 

E(s*-*o  =  KEa  sin  (0;  +  120°).  (146) 

E(Ss,Sl)  =  KEa  sin  ft.  (14c) 

In  these  equations  K  is  a  fixed  transformation  ratio  and  0t-  is  the  angular 
displacement  of  the  axis  of  the  rotor  pole  from  an  arbitrarily  established 


I 

Synchro  generator 


Synchro  differential  generator 


Synchro  control  transformer 


I 

FIG.  8-4. — Synchro  data  transmission.  The  system  shown  here  computes  ECT  =  K'Ea 
sin  (0i  +  02  —  00).  With  rotor  positions  as  shown,  0f,  =  0i  +  02  and  ECT  =  0.  Vectors 
labeled  0  represent  the  direction  of  the  magnetic  field  in  each  instrument.  With  the 
differential  generator  omitted,  and  connections  a  to  ai,  b  to  r>i,  and  c  to  ci,  the  system 
computes  ECT  =  sm  (0t  —  00). 

"electrical  zero"  position.  (In  this  instance,  the  shaft  of  the  synchro 
generator  is  assumed  to  be  mechanically  coupled  to  the  input  member, 
and  0,  therefore  represents  the  input  angle  of  the  servomechanism  as 
hitherto.) 

Stator  terminals  S\,  Sz,  and  £3  are  electrically  connected  to  the  respec- 
tive Si,  82,  83  terminals  of  the  synchro  receiver,  or  control  transformer 
CT,  which  is  substantially  identical  in  construction  with  the  synchro 
generator  except  that  its  coil  windings  are  of  higher  impedance.  The 
shaft  of  the  CT  is  mechanically  coupled  to  the  rotation  axis  of  the;  scanner, 
and  its  angular  position  00,  therefore,  represents  the  scanner  angle.  The 
stator  voltages  transmitted  by  the  generator  then  produce  a  magnetic 
field  in  the  CT,  and  the  angular  position  of  the  axis  of  this  field  with 
respect  to  the  stator  windings  of  the  CT  is  exactly  the  same  as  that  of  the 
rotor  of  the  generator  with  respect  to  its  own  stator  windings.  If  then 
the  CT  rotor  is  turned  through  varying  values  of  angular  position  00,  the 
voltage  between  its  terminals  can  be  expressed  by  the  formula 


E(CT)  =  K'EG  sin  (ft  -  00), 


(15) 
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where  Kf  is  an  over-all  transformation  ratio.  Since  in  practice  the  error 
angle  (&i  —  60)  is  of  small  amplitude,  the  voltage  E(CT)  can  be  regarded  as 
directly  proportional  to  (0i  —  00)  and  is  therefore  suitable  for  use  as  the 
input  to  the  servoamplifier.  It  should  be  noted  that  a  synchro-transmis- 
sion system  can  be  used  in  the  reverse  order  from  that  indicated  by  the 
above  discussion.  The  CT  can  be  positioned  by  the  input  member,  and 
the  generator  then  represents  B0.  By  the  use  of  a  third  type  of  synchro, 
a  differential  generator,  it  is  also  possible  to  set  up  a  transmission  system 
to  perform  computations  such  as 

E(CT}  =  EQK'  sin  (B,  +  02  -  0,,).  (16) 

The  accuracy  specified  for  construction  of  synchros  of  the  military 
type  permits  over-all  errors  of  nearly  1  °  of  rotation  in  the  performance  of 
the  angular  additions  and  subtractions  indicated  by  Eqs.  (15)  and  (16). 
To  minimize  this  error,  it  is  common  to  gear  up  synchros  from  the  axes 
of  the  scanner  and  input  member.  A  standard  gear  ratio  is  36/1 ;  1°  of 
error  in  the  synchro  is  equivalent  to  -fa0  of  error  in  the  position  of  the 
scanner.  It  should  be  noted,  however,  that  in  Kq.  (15)  E(CT)  will  then 
vary  through  36  complete  cycles  for  ono  revolution  of  Qi  (0,>  constant). 
It  is  therefore  necessary  to  use  a  one-speed  transmission  system  in  addi- 
tion to  the  geared-up  system  to  prevent  the  scanner  from  being  stably 
positioned  at  some  value  of  00  equal  to  (Qi  +  n!0°),  Avhere  n  is  any  integer 
from  1  to  35.  An  automatic  switch  in  the  servoamplifier  connects  the 
geared-up  system  only  when  0t-  —  60  is  less  than  10°. 

Nearly  the  same  results  can  be  achieved  by  the  use  of  specially  wound 
potentiometers.  Potentiometers  are  generally  not  so  durable  as  syn- 
chros, however,  and  they  are  not  so  frequently  used. 

In  automatic-tracking  radars,  the  data-transmission  system  is  com- 
posed of  the  radar  transmitter,  the  reflecting  surfaces  of  the  target,  and 
the  radar  receiver  with  its  associated  circuits.  The  error  quantity 
measured  is  the  displacement  angle  between  the  principal  axis  of  the 
antenna  and  the  line  from  antenna  to  target.  This  system  is  subject  to 
a  variety  of  disturbances  not  encountered  in  other  types.  Among  these 
are  periodic  fading  of  the  signal,  thermal  noise  in  the  receiver,  and  inter- 
fering signals.  Filtering  of  the  data  from  this  transmission  system  has 
been  one  of  the  major  problems  in  the  development  of  automatic  tracking 
systems. 

MECHANICAL  DESIGN  FACTORS 

8-7.  Linear  Factors. — In  the  mathematical  treatment  of  Sec.  8-2 
servomechanisms  behavior  is  expressed  in  the  form  of  a  linear  differential 
equation  with  constant  coefficients.  If  coefficients  that  are  not  constant 
but  are  functions  of  the  variables  are  introduced,  the  equation  is  no 
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longer  linear  and  the  difficulty  of  solution  is  correspondingly  greater.  A 
rigorous  analysis  of  any  servomechanism  usually  does  introduce  terms 
having  variable  coefficients  but  in  a  well-designed  system  these  terms 
can  usually  be  made  negligible.  Design  factors  that  can  be  expressed  as 
constant  coefficients  have  here  been  termed  linear  factors.  Quantities 
that  must  be  expressed  as  variable  coefficients  in  a  precise  analytical  study 
are  discussed  in  Sec.  8-8  as  nonlinear  factors. 

The  only  linear  factor  over  which  the  mechanical  designer  can  exert 
any  appreciable  control  is  the  term  «/<,,  the  moment  of  inertia  of  the  rotat- 
ing mechanism.  It  has  been  shown  that  the  effect  of  increasing  J0  is  to 
slow  up  the  transient  response  by  causing  poorly  damped  oscillations 
of  long  period.  It  has  also  been  shown  that  the  maximum  possible 
acceleration  is  inversely  proportional  to  J0.  It  is  then  obvious  that  low 
inertia  is  a  desirable  feature  in  a  scanner  mechanism,  and  this  fact  should 
certainly  be  considered  as  a  guiding  principle  in  the  mechanical  design. 
It  is  also  true,  however,  that  the  principle  can  be  followed  beyond  the 
lirnits  of  sound  economic  return.  There  is,  for  example,  no  strong  incen- 
tive for  reducing  the  inertia  of  the  scanner  below  a  value  that  permits 
satisfactory  acceleration  and  transient  response  unless  the  reduction  is 
large  enough  to  permit  the  use  of  a  smaller  standard  size  of  servomotor. 

As  indicated  in  the  previous  discussion  (Sec.  8-2),  true  viscous  friction 
is  seldom  found  in  any  appreciable  amount  in  radar  scanner  mechanisms, 
and  an  equivalent  term  must  therefore  be  found  in  either  the  controller 
or  the  servomotor.  It  is,  of  course,  possible  to  design  a  true  viscous 
damping  device  for  a  scanner  servomechanism,  but  such  a  device  can 
hardly  be  recommended  because  of  the  power  loss  represented  and  the 
high  steady-state  error  that  it  would  cause  and  because  equivalent  results 
can  be  obtained  much  more  simply  and  inexpensively  by  electrical  cir- 
cuits. Mechanical  dampers  consisting  of  inertia  coupled  through  viscous 
friction  to  the  servomotor  have  been  used  extensively  in  instrument 
servomechanisms,  but  not  to  any  considerable  extent  in  radar  scanners. 

8-8.  Nonlinear  Factors. — The  term  T0(t)  has  been  defined  as  dis- 
turbing torque  on  the  output  member.  From  Eq.  (7)  it  will  be  seen  that  a 
step  or  discontinuity  in  T0(t)  will  produce  an  error  transient  basically 
similar  to  that  produced  by  a  step  function  of  input  angle  and  that  a 
constant  value  of  T0(t)  will  cause  a  constant  displacement  error.  Cer- 
tain mechanical  design  factors,  which  would  necessitate  the  introduction 
of  variable  coefficients  in  an  exact  mathematical  analysis  of  a  servo- 
mechanism,  can  be  studied,  at  least  qualitatively,  by  representing  them 
as  disturbing  torques  on  the  output  member. 

Coulomb  friction  is  such  a  factor.  It  can  be  represented  by  a  step 
of  torque  applied  each  time  that  the  motor  reverses  direction.  This 
may  be  further  complicated  if  the  static  value  is  greater  than  that  with 
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the  mechanism  in  motion.  At  best,  the  net  effect  is  to  produce  a  lag  in 
response  at  reversal  and  to  excite  transient  oscillations  immediately 
thereafter.  The  effect  of  irregularities  of  gear  teeth  may  be  regarded  as  a 
variation,  with  time  or  displacement,  in  the  value  of  coulomb  friction. 
The  effect  may  be  simply  a  slow  periodic  change  in  the  steady-state  error 
or  the  production  of  transient  oscillations,  depending  on  the  nature  of  the 
irregularity. 

Backlash  in  the  gearing  of  scanner  mechanisms  may  give  a  variety  of 
effects  on  behavior  of  servomechanisms,  all  undesirable.  Again,  as  in 
the  case  of  coulomb  friction,  the  least  objectionable  condition  that  it 
can  create  is  a  lag  in  response  at  reversal  and  transient  oscillations  there- 
after. In  addition,  it  may  make  stabilization  of  the  system  extremely 
difficult.  A  servomechanism  that  is  otherwise  quite  stable  may  have  a 
strong  tendency  to  oscillate  through  the  amplitude  permitted  by  the 
backlash.  To  some  extent,  elasticity  in  the  gearing  can  produce  effects 
similar  to  those  produced  by  backlash. 

The  use  of  worm  gears  in  scanner  mechanisms  warrants  special  men- 
tion. A  reversible  worm-gear  assembly,  that  is,  one  that  can  be  driven 
equally  well  from  either  end,  is  no  different  in  behavior  from  an  equivalent 
spur-gear  assembly  and  is  also  desirably  compact  by  comparison.  The 
presence  of  coulomb  friction,  however,  makes  -  practical  worm-gear 
assemblies  something  less  than  ideal  in  this  respect.  When  there  is  an 
inertial  load  that  must  be  rapidly  reversed  or  accelerated,  the  result  is 
discontinuity  in  the  load  applied  to  the  motor.  Furthermore,  cumu- 
lative wear  on  the  gears  and  bearings  soon  produces  rough  and  erratic 
performance  of  the  servomechanism.  The  use  of  worm  gearing  is  justified 
only  where  the  inertial  load  is  extremely  light  and  should  therefore  prob- 
ably never  be  considered  for  radar  scanner  mechanisms. 

The  effect  of  a  fixed  static  unbalance  around  the  axis  of  rotation  of 
the  scanner  is  a  constant  unidirectional  error  in  the  servomechanism. 
If  the  unbalance  varies  with  position,  the  error  will  vary  correspondingly. 
Since  the  unbalance  must  be  compensated  by  a  torque  from  the  servo- 
motor, a  frequent  result  is  that  the  motor  is  subjected  to  a  high  static 
load,  which  leads  to  excessive  heating.  A  special  case  of  unbalance  is 
produced  by  unsymmetrical  distribution  of  wind  resistance  about  the 
axis  of  rotation.  This,  of  course,  varies  not  only  with  position  but  with 
wind  velocity. 

DESIGN  SPECIFICATIONS 

The  engineering  design  of  a  practical  servo  system  cannot  be  accom- 
plished by  attention  to  only  the  purely  electromechanical  considerations 
discussed  in  the  preceding  sections.  Every  scanner  servomechanism 
must  meet  certain  design  specifications,  basically  determined  by  the 
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function  of  the  radar  system  for  which  it  is  intended.  These  specifica- 
tions include  limitations  on  weight  and  space  for  airborne  and  shipborne 
sets  and  the  degree  of  accuracy  demanded  by  the  operational  needs  of 
the  system.  Also  to  be  considered  are  special  requirements  for  tropical- 
ization,  rustproofing,  shock-mounting,  etc.  Such  factors  are  variable 
and  difficult  to  take  into  account,  but  they  should  be  considered  as  much 
as  possible  in  determining  the  final  design  of  the  equipment. 

8-9.  Accuracy. — The  accuracy  of  a  servo  system  may  be  defined  by 
the  maximum  permissible  steady-state  and  transient  errors.  Depending 
on  the  particular  needs  of  radar  sets,  the  accuracy  required  of  their  servo 
systems  may  vary  from  a  few  mils  to  several  degrees.  For  airborne 
stabilization  equipments  (cf.  Chap.  7),  accuracy  to  better  than  1°  or  2° 
is  seldom  necessary.  Fire-control  servo  systems,  on  the  other  hand, 
must  be  far  more  accurate,  whether  they  are  low-power  computer  servo 
systems  or  high-power  gun-mount  drives.  Under  some  conditions 
permissible  static  errors  may  be  much  larger  than  permissible  dynamic 
errors;  in  other  circumstances  the  reverse  may  be  true. 

The  problem  of  the  design  of  a  servo  system  is  greatly  simplified  if 
the  system  need  not  have  high  accuracy.  In  a  low-accuracy  servo 
system  with  tolerances  of  1°  or  more,  far  less  effort  need  be  expended  in 
refinements  such  as  precision  gearing,  antihunt  devices,  etc,.,  than  in  a 

TABLE  8-1. — SERVOMECHANISMS  FOH  AIRBORNE  SYSTEMS 


Estimated 

System 

Type 

Accuracy, 
degrees 

Weight  of 
controller,  Ib 

total  weight 
of  the  servo 

system,  Ib 

Experimental 

Continuous  con- 

±1 to  2fc 

50 

trol 

AN/APA-15 

Continuous  con- 

±0.5 to  1.0 

6 

15  (excludes  gyro 

trol  (a-c) 

rotor  und  gim- 

bals) 

GET  roll- 

Continuous  con- 

±0.25 

19 

45  (excludes  gyro 

stabilized 

trol  (d-c) 

rotor  and  gim- 

scanner 

bals) 

NOSMO 

Contactor  (d-c) 

±0.25 

11.5 

15    (uses    motor 

(AN/APS-15) 

already  on  scan- 

ner) 

AN/APG-1 

Continuous  con- 

±0.15 

65,    2   channels 

75-80 

trol  (d-c) 

(includes    am- 

plifier   and    2 

Amplidynes) 

AN/APG-14 

Contactor    (d-c) 

±4.0 

8    (2    channels) 

20 

(not  a  produc- 

tion model) 
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servo  system  of  high  accuracy.  Where  accuracy  requirements  are  low, 
contactor  (on-off)  servo  systems  and  potentiometer  data-transmission 
systems  may  often  be  used  to  advantage  because  of  their  saving  in  weight 
and  size,  although  they  may  also  be  used  to  obtain  high  accuracy. 

In  considering  the  accuracy  of  a  servo  system,  care  must  be  taken  to 
allow  for  errors  that  arise  from  sources  such  as  the  input  member  arid  the 
data-transmission  systems.  Generally,  as  the  requirements  for  accuracy 
of  a  servo  system  are  relaxed,  the  design  may  be  simplified  and  the 
equipment  made  lighter  and  less  cumbersome.  The  accuracies  actually 
realized  in  the  servomechanisms  of  some  airborne  scanners  are  listed  in 
Table  8-1.  The  first  three  systems  are  for  antenna  stabilization;  the 
fourth  enables  the  operator  to  train  an  antenna  at  will;  and  the  last  two 
can  be  used  in  airborne  fire-control  systems. 
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Fia.  8-5. — Response  of  a  servo  system  to  a  sinusoidal  input. 

8-10.  Speed. — Usually,  there  is  no  way  of  strictly  specifying  the 
input  and  output  velocities  of  a  servomechanism.  These  quantities  vary 
from  one  application  to  another  and  even  within  a  single  application 
may  cover  a  wide  range  of  values,  although  from  a  knowledge  of  the 
proposed  uses  of  the  radar  the  maximum  speed  may  often  be  specified. 
For  example,  a  servo  system  for  roll-stabilizing  an  airborne  scanner  need 
never  move  the  scanner  faster  than  the  maximum  rate  of  roll  of  the  air- 
craft, which  may  be  determined  from  flight  and  aerodynamic  data.  A 
H-17,  for  example,  rarely  rolls  faster  than  10°/sec  in  a  coordinated  turn. 
The  servo  system,  therefore,  need  not  be  designed  to  operate  at  higher 
speeds.  Knowledge  of  the  average  and  maximum  speeds  required 
directly  aids  in  determining  the  choice  of  the  motor  and  gear  train  for  a 
particular  servomechanism. 

It  is  possible  to  correlate  the  speed  of  response  of  a  servo  system  (as 
distinguished  from  its  speed)  with  its  frequency  characteristics.  That  is, 
if  the  input  member  is  oscillated  at  constant  amplitude  (the  amplitude 
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being  small  enough  to  avoid  saturation  effects  that  may  be  produced  in 
the  controller)  and  the  absolute  value  of  the  ratio  of  output  amplitude  to 
input  amplitude  is  plotted  as  a  function  of  frequency,  a  curve  similar  to 
one  of  those  in  Fig.  8-5  is  obtained. 

Unless  the  servo  system  is  overdamped,  a  peak  will  be  observed  at 
some  frequency  fr.  When  the  peak  is  present,  fr  is  the  resonant  frequency 
of  the  servo  system,  usually  in  the  range  of  1  to  10  cps. 

If  a  servo  system  is  to  have  a  high  speed  of  response  and  small  dynamic 
errors  at  large  velocities,  the  resonant  frequency  must  be  as  high  as  pos- 
sible. The  peak  value  of  the  ratio  of  amplitudes  should  not  be  higher 
than  2.  This  is  an  empirical  result  based  upon  the  observation  that 
higher  peaks  are  usually  associated  with  underdamped  or  unstable  servo 
systems.  It  is  extremely  important  that  servo  members  be  sufficiently 
rigid  so  that  they  cannot  vibrate  naturally  at  the  resonant  frequency  of 
the  servo  system. 

REPRESENTATIVE  SCANNER  SERVOMECHANISMS 

8-11.  Ship  and  Ground  Applications. — The  control  mechanisms  for 
radar  scanners  discussed  in  the  following  pages  have  been  selected  as 
representative  of  the  principal  types  IIOAV  in  wide  use  by  the  United  States 
Army  and  Navy.  They  are  classified  into  four  groups  that  correspond 
roughly  to  the  degree  of  complexity  of  the  design  problem;  the  tabulations 
present  the  important  factors  of  design  and  performance.  All  figures  for 
inertias  and  torques  are  referred  to  the  servomotor  shaft,  and  inertia 
values  include  those  of  the  servomotors.  Motor  torques  are  computed 
on  the  basis  of  rated  horsepower  and  rated  speed.  Acceleration  values 
are  given  for  rated  torque  applied  to  the  inertia  of  the  system.  Values 
given  for  acceleration  are  related  to  the  axis  of  the  scanner,  since  this 
figure  is  of  more  immediate  interest  than  the  acceleration  of  the  motor. 

Continuous-scan  Type. — As  previously  mentioned,  control  of  a  radar 
having  a  fixed,  predetermined  pattern  of  scan  is  normally  accomplished 
by  the  use  of  an  open-cycle  control  mechanism.  Representative  of  this 
type  is  a  land-based  microwave  early  warning  set  having  a  10-  by  25-ft 
reflector,  described  in  Sec.  3-3.  Its  chief  functions  are  air  search  and 
ground  control  of  aircraft,  in  the  performance  of  which  it  is  normally 
required  to  rotate  continuously  in  azimuth  at  speeds  up  to  4  rpm.  In 
the  preproduction  models  the  scanner  was  driven  by  a  5-hp  separately 
excited  d-c  motor.  A  motor  generator  supplied  d-c  power  to  the  drive- 
motor  armature,  and  speed  of  scan  was  controlled  over  a  range  of  0  to 
4  rpm  by  adjustment  of  the  field  current  of  the  generator.  Production 
models  use  a  three-phase  induction  motor  with  a  pole-switching  arrange- 
ment to  give  synchronous  speeds  of  450,  900,  and  1800  rpm  or  speeds  of 
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scan  of  1 ,  2,  and  4  rpm.  The  motor  rating  is  f ,  1£,  and  3  hp  at  the  respec- 
tive speeds. 

Manual-control  Type. — The  principal  requirements  for  manually  con- 
trolled scanner  servomechanisms  are  usually  a  very  low  static  error  and  a 
quickly  damped  response  to  positioning  orders.  Ordinarily,  the  ampli- 
tude of  transient  errors  and  steady-state  following  errors  is  of  secondary 
importance.  This  follows  from  the  method  by  which  precise  information 
is  obtained  with  such  radar  sets.  The  angular  position  of  the  scanner  is 
adjusted  manually  until  an  indicator  device  shows  that  the  principal 
antenna  axis  is  precisely  on  the  target.  While  the  scanner  is  staionary, 
the  angular  coordinates  are  then  read  from  dials  connected  to  the  control 
handwheel.  The  scanner  may  be  driven  through  a  continuous  search 
pattern  most  of  the  time,  but  accurate  information  is  not  required  under 
this  condition. 

In  this  category,  SCR-615  may  be  cited.  This  set  was  developed 
specifically  as  a  ground  control  of  interception,  GCI,  radar  and  furnished 
precise  information  as  to  bearing,  range,  and  height.  Its  operation  was 
as  described  in  the  preceding  paragraph.  The  azimuth  and  elevation 
axes  were  controlled  by  identical  servomechanisms  utilizing  two-phase 
induction  motors  and  controller  circuits  of  the  type  shown  in  Fig.  8-2. 

TABLE  8-2. — SEKVOMECJIANISM  FOR  SCR-615 

Motors J-hp  2-phase  360-volt  1600-rpm 

Gear  ratios 250/1  in  azimuth,  400/1  in  elevation 

Inertias 12  in.2-lb  in  azimuth,  10  in. Mb  in  elevation 

Motor  torque 7  in.-lb 

Viscous  friction -J  in.-lb /rad  per  sec 

Maximum  acceleration 0.9  rad/sec2  in  azimuth,  0.6  rad/sec2  in  elevation 

Equalization  Derivative  network  and  tachometer  feedback 

Static  accuracy  +0.03°  in  azimuth,  ±0.01°  in  elevation 

Data  transmission 1-  and  33-speed  synchros 

The  service  record  of  this  control  mechanism  was  unsatisfactory. 
The  performance  was  unpredictable,  possibly  because  of  aging  effects  in 
the  control  thyratrons.  Frequent  breakdowns  were  caused  by  overheat- 
ing of  the  motors  to  the  point  where  cracks  occurred  in  the  rotor  and  rings. 
The  worm  gearing  was  also  a  source  of  trouble  and  required  frequent 
replacement.  Production  models  in  the  SCR-615  series  did  not  use 
this  servomechanism. 

Shipborne  Stabilized  Scanners. — In  order  to  obtain  precise  angular 
information  about  a  target,  referred  to  fixed  coordinates  from  a  ship- 
borne  radar,  it  is  necessary  to  compensate  in  some  way  for  the  rolling 
and  pitching  of  the  ship  and  for  changes  in  its  heading.  The  various 
methods  of  computing  stabilization  of  ship  antennas  and  their  specific 
applications  are  covered  in  Chap.  4  of  this  book. 
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It  will  be  seen  that  in  this  type  of  antenna  mount  the  dynamic  errors 
of  the  servomechanisms  are  just  as  important  as  the  static  errors,  since 
rotation  of  the  axes  of  the  pedestal  will  be  required  a  large  part  of  the  time 
even  though  the  radar  beam  is  kept  stationary  in  space. 

One  of  the  first  stabilized  antenna  mounts  put  in  service  was  CXBL, 
designed  by  the  Radiation  Laboratory  as  a  prototype  for  the  Navy  SM 
radar.  The  salient  features  of  the  hydraulic  servomechanisms  used  in 
this  pedestal  are  covered  in  Table  8-3. 

TABMS  8-3. — SERVOMECHANIHM  FOR  CXBL 

Drive  motors 1  i-hp  3-phase 

Pump Variable  djsplacemont 

Servomotor Constant  displacement,  2000  rpm 

Torque  limit* 120  in.-lb 

Gear  ratio 252/1  in  train 

Inertia 11  in. Mb  in  train 

Maximum  acceleration     16.7  rad/sec2  in  train 

Viscous  friction  coefficient 28.9  in.-lb/rad  per  sec 

Wind  torque 48  in.-lb 

Velocity  error  constant 240°/soc  per  degree 

Equalization Derivative  and  integral  network 

*  Relief  valve  setting. 

To  determine  the  effect  of  wind  torques  on  their  performance,  the 
servomechanisms  were  tested  with  a  coulomb-friction  torque  of  48  in.-lb. 
With  a  sine- wave  input  of  15°  amplitude  and  9-sec  period,  the  effect  of 
the  frictional  load  Avas  to  increase  the  maximum  error  from  3.5'  to  4'. 
With  a  20°/sec  constant  velocity  input,  the  error  was  increased  from  5' 
to  5.75'  by  addition  of  the  frictional  load. 

The  servomechanisms  for  a  newer  experimental  radar  presented  a 
problem  in  design  similar  to  that  of  CXBL.  In  this  case  the  final  design 

TABLE  8-4. — SERVOMECJIANLSM  FOB  EXPERIMENTAL  RADAR 
Motors 3450-rpm  separately  excited  d-c   1^-hp  in  train, 

3450-rpm  separately  excited  d-c  |-hp  in  elevation 

and  cross  level 

Gear  ratios 600/1  in  train,  1736/1  in  elevation  and  cross  level 

Inertias 39  in. Mb  in  train,  13  in.Mb  in  elevation  and  cross 

level 
Rated  torques 27.6  in.-lb  in  train,   13.8  in.-lb  in  elevation  and 

cross  level 
Maximum  acceleration 0.45  rad/sec2  in  train,  0.24  rad/sec2  in  elevation 

and  cross  level 
Windage  and  unbalance  torque .  .   48  in.-lb  in  train,  8.9  in.-lb  in  elevation  and  cross 

level 

Equalization        Motor  voltage  feedback 

Data  transmission Synchros :  1-  and  36-spced  in  train,  2-  and  36-speed 

in  elevation  and  cross  level 
Performance 5'  error  for  sine-wave  inputs  of  10°  amplitude  and 

10-qpr  nprinH 
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utilized  Amplidyne-controlled  electric  motors  in  place  of  a  hydraulic, 
system.  Some  of  the  values  given  in  Tahlo  8-4  arc  preliminary  estimates 
used  in  original  computation  and  are  subject  to  considerable  error. 

Because  of  the  high  computed  value  of  wind  torque  and  unbalance, 
the  train  servomechanism  was  originally  designed  to  use  two  1^-hp 
motors.  The  systems,  however,  were  originally  assembled  with  only  one 
motor  and  have  operated  without  overloading  in  winds  up  to  40  knots. 

Fire-control  Scanners. — The  precision  of  performance  demanded  of 
servomechanisms  for  fire-control  radars  is  higher  than  it  is  of  those  pre- 
viously described.  The  system  in  the  following  tabulation  represents  an 
advanced  development  in  automatic  tracking. 

TABLE  8-5. — SERVOMECHANISM  FOR  THE  8011-584 

Motors* 3600-rpm  d-c  separately  excited,  2-hp 

Controller Amplidyne 

Gear  ratios 480/1  in  train,  1000/1  in  elevation 

Inertias ...  21  in. Mb  in  train,  13  in. Mb  in  elevation 

Rated  torques 8.7  in.-lb 

Maximum  accelerations 0.33  rad/sec2  in  train,  0.26  rad/sec2  in  elevation 

Coefficient  of  the  viscous  friction .  .  0.15  in.-lb/rud  per  sec 

Velocity  error  constant 1 50 °/sec  per  degree 

Data  transmission Automatic  target-tracking 

Equalization. .  Motor  voltage  feedback 

*  Cf.  Sec.  3-13. 

8-12.  Airborne  Applications. — The  following  discussion  emphasizes 
the  design  considerations  peculiar  to  the  scanner  control  mechanism  for 
an  airborne  radar  system.  The  particular  examples  cited  are  broadly 
representative  of  types  now  in  common  use. 

Sector  Scanning. — Sector  scanning  presents  a  control  problem  that 
can  sometimes  be  solved  by  the  use  of  a  servo  system.  The  problem  is 
to  control  one  or  more  of  the  scan  variables,  which  are  amplitude,  position 
of  the  center  of  the  scan,  and  frequency. 

A  bell  crank  or  similar  mechanism  can  be  used  with  a  continuously 
rotating  azimuth  motor  to  provide  a  sector  scan.  This  method  com- 
monly affords  a  choice  of  only  one  or  two  sector  angles  and  no  control 
over  the  center  position  of  the  scan. 

Limit  switches  and  cams  can  be  mounted  on  the  scanner  to  furnish 
greater  flexibility  in  controlling  the  relays  that  determine  the  direction 
of  rotation  of  the  azimuth  motor.  With  slightly  more  complex  switching 
circuits,  step  wise  control  of  both  the  amplitude  and  the  center  position 
has  been  achieved. 

A  more  flexible  electronic  control  can,  if  necessary,  afford  continuous 
control  of  the  amplitude  and  the  center  position  of  the  scan.  It  may  be 
a  servo  system,  with  a  separately  excited  synchro  in  series  with  the 
control  transformer.  The  synchro  is  rotated  continuously  by  a  small 
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motor,  causing  the  input  voltage  to  the  servoamplifier  to  oscillate  at  the 
frequency  of  rotation  and  drive  the  azimuth  motor  back  and  forth.  The 
amplitude  of  the  scan  is  a  function  of  the  excitation  voltage  of  the  syn- 
chro. The  center  position  of  the  scan  is  determined  by  the  alignment  of 
the  original  synchros  of  the  servo  system. 

A  simpler  electronic  control  can  be  made  if  a  CT  synchro,  whose 
voltage  output  controls  the  bias  of  a  vacuum  tube  that  operates  latching 
relays,  is  geared  to  the  azimuth  axis.  Each  time  the  synchro  voltage 
reaches  a  critical  value,  the  motor  reverses.  This  synchro  is  used  in 
conjunction  with  a  differential  synchro  on  the  operator's  control  panel, 
thereby  permitting  adjustment  of  the  center  of  scan.  A  switch  allows 
sector  scans  of  either  60°  or  150°. 

D-c  Continuous-control  Type. — The  continuous-control  servomecha- 
nism  used  in  the  experimental  roll-stabilized  airborne  scanner  mentioned 
in  Sec.  7-9  was  designed  for  higher  accuracy  than  has  proved  to  be  essen- 
tial. It  is  unnecessarily  heavy  but  will  serve  as  a  good  example  of  a 
system  of  this  type. 

The  roll  stabilization  is  accomplished  by  mounting  the  r-f  head, 
azimuth  gear  box,  and  antenna  on  a  section  of  circular  track  that  is 
fastened  to  the  aircraft  structure.  The  unit  is  driven  along  the  track, 
until  it  is  in  the  true  vertical  position,  by  the  servomotor  that  receives 
input  information  from  a  stable-vertical  gyro  (made  by  Pioneer  Instru- 
ment Company).  An  Autosyn  on  the  gyro  acts  as  a  roll-data  take-off, 
and  another  Autosyn  mounted  at  one-speed  on  the  servo  gear  box  of  the 
scanner  is  the  control  transformer.  These  Autosyns  (also  built  by  the 
Pioneer  Instrument  Company,  No.  Ay-lOOD)  have  a  sensitivity  of  about 
0.3  volt  (400  cps)  per  degree  of  error.  The  error  signal  is  fed  into  an 
amplifier  that  controls  an  Oster  ES-1-1  Ttr-hp  d-c  split-field  motor.  The 
split  field  enables  direct  control  of  the  motor  from  the  vacuum-tube  power 
amplifiers  and  thus  eliminates  the  need  for  either  contactors  or  an  Ampli- 
dyne.  Figure  8-6  is  a  block  diagram  of  the  servo  loop. 

The  maximum  operating  velocity  expected  of  this  servo  system  is 
about  10°/sec.  The  use  of  the  Oster  motor,  with  its  maximum  speed  of 
about  6000  rpm,  dictates  a  gear  ratio  of  3600/1  from  the  motor  to  the 
scanner.  The  inertia  of  the  scanner  and  r-f  head  when  referred  to  the 
motor  shaft  is  negligible  compared  with  the  inertia  of  the  armature  of 
the  motor,  which  is  approximately  4.0  in.2-oz. 

From  considerations  of  the  inertia  of  the  system  and  the  torques 
acting  on  the  system  as  a  result  of  gravity  and  centrifugal  force,  it  can 
be  seen  that  the  maximum  load  torque  that  the  motor  must  overcome  is 
approximately  8.5  in.-oz  at  the  motor  shaft.  The  constant  of  the  motor 
is  about  0.5  in.-oz/ma  of  field  difference  current;  hence,  to  obtain  a  static 
accuracy  of  0.25°,  an  amplifier  gain  of  68  ma  per  degree  of  error  is  required. 
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The  amplifier  gain  is  actually  125  ma  per  degree,  and  the  predicted 
accuracy  is  therefore  0.14°.  The  actual  static  errors,  however,  are  higher 
because  of  coulomb  friction  and  inaccuracies  of  the  synchro. 

The  amplifier  input  is  the  400-cps  error  signal  from  the  synchros. 
This  is  applied  to  an  a-c  amplifier  and  cathode  follower,  having  an  over- 
all voltage  gain  of  4.  The  output  of  the  cathode  follower  is  then  applied 
through  a  step-up  transformer  to  a  triode  phase-sensitive  detector.  The 
output  from  the  detector  is  smoothed  by  an  #(7-filter  that  has  a  time 
constant  purposely  kept  low  to  avoid  lags.  The  over-all  gain  of  the  a-c 
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FIG.  8-6. — Block  diagram  of  the  servo  loop  of  the  GEI  roll-stabilized  scanner. 

amplifier  and  detector  is  400  volts  direct  current  per  degree  of  error  in  its 
linear  region. 

The  voltage  is  then  used  as  the  input  to  an  integral-derivative  equal- 
izing network  for  improved  transient  response,  and  the  output  from  the 
network  is  impressed  on  the  grids  of  the  push-pull  power-output  tubes. 
The  motor  fields  are  the  plate-load  resistances  of  these  tubes;  the  field 
currents  are  unbalanced  when  there  is  an  error  signal  coming  into  the 
amplifier,  and  the  polarity  and  magnitude  of  this  unbalance  are  such  that 
they  tend  to  drive  the  system  to  zero  error.  The  resistance  of  each  field 
is  approximately  1500  ohms,  and  the  balance  current  at  zero  signal  is 
approximately  40  ma. 

A-c  Continuous-control  Type. — Because  two-phase  a-c  induction 
motors  can  be  made  with  low-inertia  rotors,  they  have  become  popular 
for  servomotor  use.  They  are  generally  small,  however,  and  in  airborne 
practice  have  been  used  most  commonly  for  instrument  and  low-power 


236  SCANNER  CONTROL  MECHANISMS  [SEC.  8-12 

work.  Recent  designs  have  produced  good  a-c  antihunt  circuits,  over- 
coming most  of  the  difficulties  previously  experienced. 

A  light  a-c  scanner  servomechanism  of  the  continuous-control  type 
was  developed  as  an  attachment  (AN/APA-15)  for  AN /APS- 15  and 
AN/APS-2  for  the  purpose  of  obtaining  line-of-sight  stabilization.  In 
this  system,  the  error  signal  is  again  obtained  from  synchros  mounted  on 
one  axis  of  a  vertical-gyro  gimbal  assembly. 

The  amplifier  receives  the  error  signal,  amplifies  it,  and  impresses  it 
on  a  two-phase  induction  motor  in  a  manner  similar  to  that  described  in 
Sec.  8-5.  In  this  system,  however,  hard  tubes  are  used  instead  of  thyra- 
trons,  and  the  supply  voltage  is  applied  in  a  different  manner,  one  winding 
being  constantly  excited  with  a  fixed  voltage.  The  maximum  amplifier 
gain  is  1000,  and  the  constant  relating  the  output  torque  to  the  alignment 
error  is  about  25  in.-lb  per  degree  of  error  at  the  output  shaft. 

The  servoamplifier  described  in  this  section  amplifies  the  error  voltage 
caused  by  the  misalignment  between  the  gyro  gimbals  and  the  housing 
and  applies  it  to  one  winding  of  a  two-phase  a-c  induction  motor.  The 
other  winding  of  this  motor  is  constantly  excited  from  one  phase  of  the 
three-phase  400-cycle  line.  When  the  error  signal  is  zero,  the  amplifier 
impresses  no  voltage  across  the  first  winding,  and  hence  there  is  no  torque 
on  the  motor.  If  the  error  is  in  one  direction,  the  voltage  on  the  variable 
winding  is  roughly  proportional  to  the  error  and  leads  the  phase  of  the 
voltage  on  the  fixed  winding  by  approximately  90°.  If  the  error  is  in 
the  other  direction,  the  amplified  voltage  lags  behind  the  fixed  voltage 
by  the  same  amount.  The  motor  thus  turns  in  the  direction  that  reduces 
the  error  and  actuates  the  torque  arms,  thereby  positioning  the  antenna 
by  means  of  a  parallelogram  linkage  (see  Figs.  7-2  and  7-9). 

It  is  difficult  to  give  quantitative  estimates  of  the  accuracy  of  this 
servo  system,  because  a  large  part  of  the  error  of  the  system  arises  in 
the  gyro  and  it  is  not  easy  to  isolate  gyro  errors  from  servo  errors.  How- 
ever, it  is  conservatively  estimated  that  the  system  can  position  to  an 
accuracy  better  than  0.5°. 

Contactor  (On-off)  Type. — In  radar  engineering,  although  a  contactor 
servomechanism  is  infrequently  used  for  purposes  of  high  accuracy  at 
medium  or  high  power,  one  was  designed  for  use  with  the  "Nosmo" 
attachment  on  the  AN /APS- 15  scanner  (similar  to  that  shown  in  Fig. 
6-2)  to  fill  the  need  for  an  accurate  and  stable  servo  system  to  provide  for 
manual  positioning  in  azimuth.  In  this  application,  relays-  are  used  to 
control  the  armature  current  of  the  standard  AN/APS-15  scanner  motor. 
Data  transmission  is  obtained  from  a  pair  of  synchros,  one  mounted  on 
the  scanner  at  the  one-speed  shaft,  and  the  other  in  the  operator's  control 
box.  The  error  signal  is  amplified  and  put  through  a  phase-sensitive 
detector  similar  to  the  one  used  in  the  GEI  scanner  servoamplifier.  It 
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then  goes  through  integral-derivative  networks  and  is  impressed  on  the 
grids  of  a  twin-triode  voltage  amplifier  whose  loads  are  the  coils  of  two 
special  relays. l  The  relays  have  make-and-break  coil  currents  of  approxi- 
mately 5  or  G  ma  and  are  therefore  easily  controlled  by  vacuum  tubes. 
Their  contacts  are  sealed  in  an  inert  gas,  with  a  pool  of  mercury  to  keep 
them  clean.  Circuits  are  incorporated  in  the  amplifier  to  "buzz"  the 
relays  (i.e.,  oscillate  the  relay  leaf  so  as  to  eliminate  friction  and  dead 
space  in  the  relay  and  to  give  an  average  current  in  the  motor  roughly 
proportional  to  that  of  the  error  signal)  and  to  protect  the  contacts  against 
surges  of  the  current  in  the  motor. 

The  system  is  capable  of  positioning  the  AN/APS-15  scanner  to  within 
0.25°.  The  amplifier  weighs  about  11.5  Ib. 

For  contactor  servo  systems  requiring  less  accuracy,  the  circuits  may 
often  be  considerably  simplified,  and  the  relay  coils  made  a  part  of  the 
plate  load  of  the  phase-sensitive  detector.  An  experimental  system  of 
this  type  was  built  to  control  the  motions  of  a  light  scanner  in  azimuth 
and  elevation.  For  this  purpose  low-power  two-phase  induction  motors 
controlled  by  relays  were  used.  The  control  circuits,  including  the  relays, 
for  both  the  azimuth  and  elevation  drives  were  built  into  one  amplifier 
chassis  weighing  8  Ib.  The  system  positioned  the  scanner  in  either  coor- 
dinate to  within  4°  and  had  a  maximum  follow-up  speed  of  about  120°/sec. 

Fire-control  Servo  Systems. — The  scanner  control  systems  of  AN/ 
APG-1  and  AN/APG-2  are  two  similar  systems  employing  almost 
idential  servomechanisms.  The  AN/APG-1  radar2  is  an  automatic  gun- 
laying  set  designed  for  aircraft  search.  To  enable  blind  firing,  the  antenna 
automatically  tracks  a  selected  target  and  feeds  information  about  its 
range  and  direction  to  the  gun  computer. 

The  scanner  of  AN/APG-1  has  three  motors.  One  motor  drives  it  in 
elevation  about  a  horizontal  axis;  another  drives  it  in  azimuth  about  a 
vertical  axis;  and  the  third  spins  the  feed  in  a  conical  scan.  Thus  the 
scanner  can  be  made  to  point  anywhere  in  space  within  the  total  limits  of 
its  motions  in  azimuth  (170°)  and  elevation  (80°). 

The  control  box  for  the  scanner  contains  three  input  circuits,  allowing 
a  choice  of  the  functions  of  search,  manual  tracking,  or  automatic  tracking. 

Figure  8-7  is  a  block  diagram  of  the  control  box.  In  any  of  the  track- 
ing functions,  the  error  signal  is  introduced  into  the  power  amplifiers: 
in  manual  tracking,  from  synchros;  and  in  automatic  tracking,  as  a  volt- 
age from  the  signal  audio  amplifier.  In  automatic  tracking,  these  error 
signals,  one  for  elevation  and  one  for  azimuth,  are  put  into  phase-sensitive 
detectors.  When  the  system  is  automatically  tracking,  the  reference 

1  Relay  No.  D- 168479,  manufactured  by  Western  Electric  Company. 

2  Handbook  of  Maintenance  Instructions  for  Radio  Set  AN/APG-l,  Bell  Telephone 
Laboratory  Manuals  557,  558. 
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voltages  for  the  detectors  are  obtained  from  a  two-phase  generator 
mounted  on  the  shaft  of  the  motor  that  spins  the  feed.  The  output  of 
the  detectors  is  then  fed  into  push-pull  power  amplifiers  that  in  turn 
excite  the  field  windings  of  a  pair  of  Amplidynes.  The  Amplidynes 
deliver  power  to  the  azimuth  and  elevation  motors.  Antihunt  feedback 
voltage  from  the  outputs  of  the  Amplidynes  is  introduced  to  the  screen 
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FIG.   8-7. — Block   diagram   of   the   AN/APG-1    scanner   control   box. 

Telephone  Laboratories.) 

grids  of  the  power  amplifiers  through  a  d-c  amplifier  and  an  RC-network. 
The  tracking  accuracy  is  ±0.15°  in  azimuth  and  in  elevation. 

The  control  box  contains  a  total  of  16  tubes  for  the  two  channels  and 
weighs  30  Ib.  It  is  shock-mounted  and  easily  removable  for  inspection. 
Including  its  mounting,  it  is  9  in.  high,  23  in.  long,  and  about  10.5  in. 
wide. 

The  two  motor  generators  (Amplidynes),  especially  designed  for  air- 
craft use,  are  each  8  in.  wide,  6  in.  high,  and  11|  in.  long  and  weigh  17.5 
Ib.  Each  can  deliver  about  150  watts  to  one  of  the  drive  motors. 


PART  II 

RADOMES 


CHAPTER  9 
GENERAL  SURVEY  OF  THE  RADOME  PROBLEM 

BY    TI.    LEADERMAN1 

The  installation  of  a  microwave  radar  scanner  or  beacon  antenna  in  a 
ground  location,  on  shipboard,  or  in  an  airplane  involves  not  only  mechan- 
ical but  also  electrical  problems.  Difficulty  is  sometimes  experienced 
with  an  airborne  radar  antenna  because  aerodynamic  requirements 
dictate  that  it  be  mounted  close  to  the  metal  structure  of  the  airplane. 
Such  an  antenna  must  be  provided  with  a  rigid  housing  to  protect  it 
from  large  aerodynamic  loads  and  to  avoid  disturbance  of  the  control  of 
the  airplane.  A  ground  or  shipborne  antenna  may  also  require  a  housing 
for  protection  against  wind  forces.  When  gridded  or  perforated  reflec- 
tors are  used  with  ground-based  or  shipborne  radar  sets,  however,  pro- 
tection is  usually  not  required. 

These  housings  for  microwave  antennas  are  called  radomes  (radar 
domes).  Since  the  wall  thickness  of  a  radome  is  of  the  same  order  of 
magnitude  as  the  wavelength  of  the  radiation  involved,  there  is  appreci- 
able reflection  and  absorption  of  r-f  energy  by  a  radome.  Its  design  must 
therefore  comply  with  certain  electrical  requirements  as  well  as  with 
structural  and  mechanical  ones.  If  the  radome  is  for  an  airborne 
antenna,  aerodynamic  considerations  are  important.  It  is  the  aim  of 
this  second  part  of  the  book  to  present  and  discuss  all  of  the  principal 
factors  that  enter  into  the  design  of  radomes.  The  remainder  of  this 
chapter  treats  the  general  problem;  Chaps.  10,  11,  and  12  are  devoted  to 
further  development  of  the  electrical  considerations;  Chap.  13  discusses 
the  mechanical,  thermal,  and  electrical  properties  of  the  materials  most 
useful  for  radomes  and  gives  some  information  about  fabrication  and 
testing;  Chap.  14  discusses  different  actual  radomes  in  the  light  of  the 
principles  developed  in  the  preceding  chapters.  More  emphasis  is  put 
on  the  electrical  aspects2  of  the  problem  than  on  the  others,  not  because 
these  are  more  important  but  because  there  is  no  readily  available  treat- 
ment of  this  part  of  the  subject.  The  aerodynamic  aspects  are  touched 
on  only  briefly  because  they  are  part  of  a  much  larger  subject  that  is 
beyond  the  scope  of  this  work. 

1  This  chapter  includes  some  material  on  pulling  of  magnetrons  written  hy  W.  Ellis 
and  illustrative  material  supplied  by  K.  H.  McMillan. 

2  For  a  summary  of  the  electrical  aspects,  see  K.  M.  Redheffer,  "An  Outline  of  the 
Electrical  Properties  of  Radomes,"  RL  Report  No.  483-2,  December  1943. 
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9-1.  Types  of  Installation. — The  nature  of  an  antenna  installation 
and  the  design  of  a  radome  depend  in  general  upon  the  intended  use  of 
the  radar.  A  radome  for  a  ground  or  ship  radar  installation  may  often 
be  a  cylindrical  shell  of  dielectric  material,  as  shown  in  Fig.  9-1.  Other 
radomes  for  such  use  are  shown  in  Figs.  9-2,  9-3,  and  9-4.  When  gridded 
or  perforated  reflector  structures  are  ground-based  or  shipborne,  however, 


FIG.  9-1. — Cylindrical  wall  radome. 
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FIG.  9-2. — Conical  wall  radome. 
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Fio.  9-4.—  Nose-type  radome. 
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FIG.  9-3.—  Cylindrical-hemispherical 
radome. 

they  do  not  usually  require  the  protection  of  a  radome.  In  this  and  the 
succeeding  chapters,  therefore,  the  principal  topic  will  be  radomes 
intended  for  airborne  use.  Because  the  design  of  airborne  radomes 
cannot  be  intelligently  discussed  without  considering  the  installation  of 
antennas  in  airplanes,  this  problem  will  also  be  considered. 

Figure  9-5  is  a  composite  illustration  of  some  possibilities  for  airborne 
antenna  installations.  The  antenna  at  A  is  an  installation  of  the  "nose" 
type  and  has  forward  vision,  with  limited  vertical  and  horizontal  scan. 
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The  "tail"  installation  at  B  permits  rearward  vision  for  the  antenna. 
The  installation  shown  at  C  has  possibility  of  a  360°  scan,  with  the 
extent  of  vision  below  the  horizontal  depending  upon  the  geometry  of 
both  the  installation  and  the  airplane.  Installations  shown  at  D  and  E 
are  used  in  conjunction  with  a  cosecant-squared  antenna  when  uniform 
illumination  of  the  ground  is  required.  For  such  an  antenna,  permanent 


FLU.  9-5.  -  Possible  installations  of  radar  hcauner.s  on  a  fuselage. 

partial  retraction  within  the  contour  line  of  the  airplane  is  possible.  With 
the  installation  shown  at  D,  360°  vision  is  possible.  The  installation 
shown  at  E,  like  that  at  A,  is  such  that  the  radome  need  not  project 
beyond  the  skin  line  of  the  airplane,  thereby  eliminating  additional  wind 
resistance.  This  type  of  installation  is  usually  restricted  to  180°  vision 
(or  less)  in  the  forward  direction  and  imposes  certain  restrictions  on  the 
design  of  the  antenna,  radome,  and  airplane.  The  installation  shown  at 


FIG.  9-6. — Possible  installations  of  radar  scanners  on  a  small  airplane. 

F  is  capable  of  360°  vision  of  either  ground  or  airborne  targets;  however, 
it  causes  a  large  additional  drag.  Represented  at  G  is  a  linear  array  that 
is  arranged  along  the  side  of  the  fuselage  for  giving  lateral  vision  by  elec- 
trical scan. 

The  beamwidth  of  an  antenna  in  the  azimuthal  plane-  depends  upon 
the  horizontal  aperture  of  the  scanner;  when  the  width  of  the  fuselage  is 
insufficient  to  accommodate  a  reflector  having  the  necessary  aperture, 
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the  scanner  may  be  mounted  beneath  the  airplane  fuselage  in  a  stream- 
lined bulge,  as  at  //.  If  only  limited  sector  scan  in  the  forward  direction 
is  required,  an  electrically  scanning  linear  array  may  be  mounted  beneath 
the  fuselage  in  a  streamlined  vane  as  in  the  Eagle  (AN/APQ-7)  system. 
The  leading  edge  of  the  vane  thus  forms  the  radome  (cf.  Sec.  6-14). 

The  possibilities  for  antenna  installation  in  an  airplane  wing  are  shown 
in  Fig.  9-6. 

The  installation  shown  at  J  in  Fig.  9-0  is  housed  in  a  nacelle  faired 
into  the  wings,  whereas  at  K  the  scanner  is  carried  in  a  separate  stream- 
lined housing.  For  both  installations,  the  forward  portion  of  the  housing 
forms  the  radome.  Aerodynamically,  the  wing-tip  installation  shown  at 
L  is  preferable  to  those  shown  at  J  and  K.  Linear-array  microwave 
beacon  antennas  are  usually  mounted  beneath  the  Aving  or  fuselage  as 
shown  at  M .  Such  antennas  require  housings  that  may  be  regarded  as 
miniature  radomes  (Sec.  6-3). 

9-2.  Electrical  Requirements. — The  chief  electrical  factors  that  affect 
the  antenna  installation  and  the  design  of  the  radome  are  reflection  of  r-f 
energy  from  the  internal  and  external  surfaces  of  the  airplane  and  from 
the  radome  wall;  diffraction  effects  due  to  discontinuities  in  the  r-f  field, 
such  as  ribs  in  the  radome;  and  absorption  of  r-f  energy  by  the  radome 
wall  and  by  material  purposely  inserted  for  absorption  of  stray  r-f 
energy.1  Discontinuities  and  reflections  may  cause  distortion  of  the 
antenna  pattern  and  variation  of  the  magnetron  frequency  that  will 
change  as  the  scanner  rotates.  Reflection  and  absorption  by  the  radome 
wall  must  be  kept  to  the  lowest  possible  values  in  order  to  avoid  loss  of 
transmitted  power  that  would  lead  to  a  reduction  in  the  range  of  the 
radar  set. 

The  effects  of  reflection  by  the  radome  on  the  performance  of  a  radar 
set  should  first  be  considered.  The  most  obvious  one  is  the  loss  in  range 
that  results  from  a  reduction  of  the  radiated  power  and  also  of  the 
strength  of  the  received  echo.  Even  though  the  material  of  a  radome 
may  absorb  very  little  energy,  the  radome  may  reflect  as  much  as  20 
per  cent  of  the  incident  power.  The  range  on  a  given  target  would  then 
be  reduced  to  89  per  cent  of  what  it  would  be  without  the  radome. 

Reflection  of  energy  by  the  radome  may  be  small  enough  to  be  unim- 
portant so  far  as  range  is  concerned  but  still  large  enough  to  have  other 
serious  consequences.  Reflection  of  energy  by  the  radome  usually  results 
in  the  presence  of  reflected  power  and  standing  waves  in  the  r-f  trans- 
mission line  of  the  system.  This  would  be  most  serious  if  a  flat  sheet  were 
to  be  placed  perpendicular  to  the  axis  of  a  paraboloid.  The  effective 
reflection  is  somewhat  less  when  a  concave  sheet  of  the  same  construction 

*R.  M.  Redhoffer,  "Radomes  and  System  Performance,"  RL  Report  No.  483-6, 
November  1944. 
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is  used  instead  of  a  flat  one.  If  the  sheet  is  tilted  with  respect  to  the  axis 
of  the  paraboloid,  the  reflection  into  the  line  is  much  reduced.  In  instal- 
lations such  as  at  A  and  C  in  Fig.  9-5,  the  reflection  into  the  line  would 
consequently  be  expected  to  vary  widely  with  antenna  scan.  In  installa- 
tions such  as  D,  most  of  the  radiation  makes  such  a  large  angle  of  inci- 
dence with  the  radome  wall  that  the  reflection  of  energy  into  the  line  is 
usually  small. 

Reflection  of  energy  into  the  transmission  line  changes  the  magnetron 
frequency;  this  phenomenon  is  known  as  "pulling."  If  the  local  oscil- 
lator is  tuned  to  a  fixed  frequency,  the  beat  frequency  will  be  varied  by 
the  reflection  into  the  line.  If  this  variation  exceeds  the  bandwidth  of 
the  i-f  amplifier,  no  received  signals  will  be  amplified;  hence,  the  regions 
producing  excessive  reflection  during  the  scan  yield  blank  sectors  in  the 
screen  when  the  type  of  presentation  used  is  PPL  The  results  of  such 
pulling  caused  by  a  radome  are  shown  in  Fig.  9-7.  Illustration  (a)  shows 
the  PPI  presentation  of  a  radar  set  with  no  radome,  situated  on  the  roof 
of  a  laboratory  for  test.  When  the  radome  that  was  originally  designed 
for  an  airborne  installation  was  used,  (b)  was  obtained;  the  disappearance 
of  signals  in  some  sectors  is  marked.  The  presentation  when  a  newer 
double-walled  radome  was  used  is  shown  at  (c);  the  lost  signals  are 
recovered.  The  radar  was  an  early  airborne  10-cm  set,  ASG  (AN/ 
APS-2),  that  did  not  include  automatic  frequency  control,  AFC.  The 
original  radome  had  a  single  wall  that  was  later  found  to  reflect  4.5  per 
cent  of  the  incident  power.  A  cylindrical  shape  had  been  used  in  an 
attempt  to  keep  the  distance  uniform  from  the  scanner  to  the  wall  of  the 
radome,  but  it  was  found  impracticable  to  control  the  centering  of  the 
scanner  with  sufficient  accuracy  to  keep  the  distance  adequately  uniform. 
Both  radomes  are  described  in  Sec.  14-4. 

A  streamlined  radome  was  designed  for  the  same  radar  set  for  instal- 
lation in  a  different  airplane.  Figure  9-8  shows  the  effect  of  this  radome 
on  the  performance.  The  simulated  direction  of  flight  is  to  the  left. 
With  no  radome,  the  pattern  of  echoes  was  as  shown  in  (a).  When  the 
radome  was  used,  pattern  (6)  was  obtained.  Targets  have  disappeared 
in  at  least  two  sectors  on  each  side  of  the  forward  direction.  Pattern  (c) 
was  obtained  after  the  radome  had  been  modified  to  have  a  reflectionless 
double  wall  in  the  forward  direction.  The  original  radome  and  its 
modification  are  described  in  Sec.  14.5. 

As  previously  noted,  reflections  from  a  radome  into  the  transmitting 
line  are  significant  only  when  the  transmitted  wave  is  incident  nearly 
normally  upon  the  radome  wall.  Hence,  the  following  discussion  is  of 
importance  primarily  in  connection  with  normal-incidence  radomes. 
Pulling  resulting  from  reflections  into  the  line  is  dependent  upon  the 
magnitude  (voltage  standing-wave  ratio)  and  position  (phase)  of  the 
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standing  waves.  Change  of  phase  is  important  as  well  as  change  of 
magnitude.  Cases  have  been  observed1  in  which  a  high  reflection 
(VSWR)2  =  9  that  was  fairly  constant  in  magnitude  and  phase  produced 
a  nearly  constant  pulling  of  only  about  £  Me,  whereas  in  other  cases,  a 
reflection  of  maximum  value  (VSWR)Z  =  1.2,  but  with  varying  phase, 
produced  pulling  of  about  4  Me;  the  latter  case  is  more  nearly  typical. 

Tn  order  to  evaluate  the  pulling  caused  by  a  given  radome  or  to 
estimate  that  which  may  reasonably  be  expected  to  be  caused  by  a  pro- 
posed radome,  it  is  necessary  to  study  the  pulling  characteristics  of  the 
transmitting  source  used  in  the  system.  Standard  methods  of  making 
such  studies  for  magnetrons  are  given  in  Sec.  1-9  of  Microwave  Magnetrons 
and  Sec.  2-11  of  Microwave  Transmission  Circuits,  Vols.  6  and  9  respec- 
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tively,  of  the  Radiation  Laboratory  Series  where  the  Rieke  diagram, 
Smith  chart,  and  pulling  figure  are  discussed  in  detail. 

To  plot  the  pulling  attributable  to  a  radome  in  an  actual  installation, 
measurement  can  be  made  by  means  of  a  wavemeter  or  otherwise  of  the 
frequency  of  the  transmitter  for  various  orientations  of  the  antenna  witli 
respect  to  the  system.  A  typical  curve  obtained  by  this  procedure  is 
shown  in  Fig.  9-9.  Since,  in  operation  of  a  system,  scanner  position  is  a 
function  of  time,  an  experimental  curve  of  pulling  vs.  time  should  be 
drawn  for  the  entire  scan. 

The  pulling  that  may  be  caused  by  a  proposed  radome  can  be  esti- 
mated by  proceeding  as  suggested,  using  properly  fabricated  radome 
samples  of  appropriate  size  and  shape  and  correctly  located  so  as  to  simu- 
late the  pertinent  sections  of  the  radome.  A  more  sophisticated  pro- 
cedure has  been  described  by  Redheffer,  Loc.  cit.  It  involves  the  Rieke 
diagram  and  the  pulling  figure  of  the  magnetron  but/  replaces  the  magne- 
tron by  a  low-power  continuous-wave  transmitter  and  the  frequency- 
measuring  equipment  by  a  device  for  measuring  complex  reflection. 

1  R.  M.  Redheffer,  "Dependence  of  Magnetron  Pulling  on  Radome  Shape  and 
Orientation,"  RL  Radome  Bull  483-18. 
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Variation  of  the  magnetron  frequency,  caused  by  radome  reflection  or 
otherwise,  may  be  compensated  by  variation  of  the  LO-frequency  with 
AFC.  However,  the  response  of  the  AFC  is  not  instantaneous;  it 
involves  a  time  constant.  If  the  magnitude  of  the  reflection  changes  very 
rapidly  with  time,  as  it  does  whenever  an  antenna  scans  over  a  radome 
rib,  a  large  momentary  reflection  may  be  produced.  When  this  occurs, 
the  change  in  LO-frequency  may  be  produced  too  late  to  compensate  for 
the  pulling  but  will  persist  after  it  has  disappeared.  The  net  result  is 
equivalent  to  a  prolongation  of  the  fre- 
quency shift,  so  that  system  perform- 
ance can  actually  be  reduced  by  the  use 
of  AFC. 

Power  reflected  from  the  radome 
can  also  cause  an  apparent  shift  in  the 
angular  position  of  targets  that  have  not 
been  obliterated.  This  effect1  can 
cause  angular  errors  as  large  as  2.5°, 
resulting  from  the  variation  of  the  trans- 
mitted frequency  as  the  antenna  scans. 
Since  the  arc  representing  the  target  on 
the  PPI  may  be  shortened  at  one  end 
by  sudden  pulling,  the  resulting  appar- 
ent shifting  of  the  target  can  be  studied 
by  varying  the  beat  frequency.  It  was 
found  that  errors  of  considerable  magni- 
tude occurred  in  practical  systems. 
Further  discussion  of  the  effect  of  pulling 
and  of  its  relation  to  apparent  beam 
direction  can  be  found  in  Sec.  17-8  of  Vol.  12,  Microwave  Antenna  Theory 
and  Design,  and  in  Radome  Bulletin  No.  18,  ''Dependence  of  Magnetron 
Pulling  on  Radome  Shape  and  Orientation,"  RL  Report  No.  483-18,  Mar. 
1,  1946,  by  R.  M.  Redheffer.  The  important  thing  to  do  practically  is 
to  eliminate  the  causes  of  sudden  changes  of  impedance. 

Shifting  of  the  apparent  bearing  of  targets  can  also  result  from  reflec- 
tion and  focusing  of  an  appreciable  amount  of  power  to  a  focus  at  a  point 
about  halfway  between  the  center  of  curvature  of  the  radome  surface 
and  the  surface  itself  if  the  beam  is  thereby  shifted  off-axis.  Extremely 
high  reflected  power  has  been  encountered  in  radomes  actually  in  service, 
as,  for  example,  an  early  radome  for  the  AN/APS-6  wing  nacelle.  The 
effect  of  this  radome  on  the  beam  direction  is  not  known.  An  effect  of 
such  refocusing  in  a  spherical-ended  radome  was  observed,  however, 
with  the  AN/APS-4  radar. 

iS.  ('.  Ilight,  Bell  Telephone  Laboratories  Report  No.  MM-44-170-12. 


FIG.  9-10.—  Reflection  of  energy 
from  a  radome.  A  is  the  actual  tar- 
get; B  is  the  apparent  target. 
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Serious  distortions  of  the  antenna  pattern  may  arise  as  a  result  of 
reflection  of  r-f  energy  by  the  radome  or  by  the  skin  of  the  airplane. 


!  .'<•    !*  11.      I'-fil  airplane  with  TIO^C  tadomo. 


Antenna 


The  radome  reflection  may  occur  either  from  some  portion  of  the  wall  or 
merely  from  a  rib.     Such  reflections  may  cause  the  appearance  of  large 

side  lobes  with  beams  of  the  pencil 
type.  Figure  9-10  shows  how 
reflection  from  the  radome  can 
produce  a  strong  side  lobe,  with 
the  result  that  a  target  situated  at 
A  appears  to  be  located  at  B.  For 
example,  in  an  airborne  search 
radar,  un desired  reflections  from 
the  ground  ("clutter"),  as  at  A, 
can  obscure  desired  signals  from  an 
airborne  target  B.  This  effect 
was  found  to  be  the  cause  of  a 
serious  obscuration  of  targets  by 
echoes  from  the  ground  directly 
below  the  airplane  in  certain 
installations  of  the  SCR-720  radar. 
This  was  a  10-cm  airborne  set 
designed  for  detection  of  other  air- 
craft. Figure  9-11  shows  a  P-61 
aircraft  in  which  this  radar  was 
installed.  The  white  portion  of 
the  nose  is  the  radome.  Figure 
9-12  indicates  the  Avay  in  which 
metal  shielding  was  installed  to  eliminate  ground  return  that  was  supposed 
to  come  from  side  lobes  of  the  antenna.  The  original  radome  had  been 
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made  thick  because  of  doubts  about  the  strength  of  the  plastic  material. 
It  was  later  found  to  reflect  8  per  cent  of  the  power  at  normal  incidence. 
Analysis  of  the  structure  showed  that  the  thickness  could  be  reduced  by 
one-third  to  reduce  the  reflection  to  2.8  per  cent  without  danger.  The 
thinner  radome  was  made  and  tested  Figure  9-13  shows  the  results  of 
tests.  Mere  rotation  of  the,  plane  of  polarization  by  90°  to  make  it  vortical 
helped  considerably.  Since  the  reflection  is  less  for  parallel  polarized 


'M^  radowe,  vertical 


(c)   Thin  mdornc,  horizontal  polarization.  (d)   Thin  rtidomo,  vortical  polamntion. 

Flo.    9-1U. — Ground   return    msultiiig   from  reflection  in    ILOHI?   radome.      Hange  verlicid, 

azimuth  hoiizontnl. 

radiation,  there  is  k-ss  energy  reflected  toward  the  ground  when  the  piano 
of  polarization  is  vertical.  Use  of  the  thinner  radome  resulted  in  further 
improvement. 

Any  reflection  of  an  appreciable  amount  of  energy  in  the  direction  of 
the  direct  beam  will  result  in  interference  between  the  two  beams;  closely 
spaced  holes  in  the  pattern  can  be  produced  by  mutual  cancellation.  An 
example  of  how  this  can  occur  is  shown  in  Fig.  9-1  1.  lOnergy  reflected 
from  the  skin  of  the  nil-plane  and  from  the  radome,  as  at  A,  is  parallel  to 
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energy  radiated  directly  from  the  antenna  as  at  B.  Another  possibility 
involving  reflection  from  only  the  skin  of  the  airplane  is  shown  in  Fig. 
9-15.  Here,  interference  takes  place  between  energy  radiated  along  the 
path  A  and  that  first  radiated  along  path  B  but  then  reflected  from  the 
skin  of  the  airplane. 

This  effect  is  most  pronounced  with  cosecant-squared  antennas  if  a 
part  of  the  energy  from  the  intense  part  of  the  beam  is  reflected  in  the 

Skin  of  airplane 


Fi«.  9-14. — Reflection  of  energy  from  a  radome  and  the  skin  of  an  airplane. 


direction  of  the  weaker  portion.  Figure  9- l(>a  is  a  PPI  picture  that  shows 
this  effect.  It  was  obtained  with  an  AN/APQ-13  3-cm  radar  with  the 
original  29-in.  scanner  in  a  B-29  airplane  flying  at  8000  ft  above  Fort 
Myers,  Fla.  The  top  of  the  picture  is  north,  and  the  aircraft  was  headed 
east-southeast.  The  interference  minima  are  most  noticeable  at  steep 
angles  of  depression  in  the  azimuths  of  the  wings  of  the  airplane.  Figure 
9-1G6  shows  the  same  terrain  viewed  from  20,000  ft  with  an  AN/APQ-13 
radar  equipped  with  the  newer  00-in.  antenna. 

Reflection  of  energy  from  the  radome  thus  not  only  causes  reduction 
in  range  but  may  also  cause  further  serious  impairment  of  the  perform- 
ance of  the  radar  set.  Consequently,  it  must  be  minimized.  Methods 


-Skin  of  airplane 


Radome  - 

FIG.  9-16. — Reflection  from  the  skin  of  an  airplane. 

for  doing  this  are  discussed  in  detail  in  Chaps.  10  and  11.  In  the  installa- 
tion of  an  antenna  care  must  also  be  taken  to  avoid  strong  reflection  from 
any  parts  of  the  airplane.  For  any  proposed  installation  the  pattern  of 
the  antenna  and  radome  in  a  mockup  of  the  adjacent  metal  surfaces  of 
the  airplane  should  be  studied  carefully  if  there  is  a  possibility  of  inter- 
ference taking  place.  A  detailed  discussion  of  the  procedure  is  given 
in  Chap.  14. 

A  radome  can  have  still  other  deleterious  effects  on  the  performance 
of  a  radar  system.  One  is  variation  of  the  phase  of  the  transmitted 
radiation  over  the  radome,  causing  angular  distortion  of  the  beam; 
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another  is  diffraction  by  a  rib  or  other  discontinuity  on  the  radome, 
resulting  in  distortion  or  interference.  Since  ribs  may  cause  pattern 
distortion,  pulling,  or  both,  such  ribs  cannot  be  allowed  in  any  portion 
of  the  radome  where  the  r-f  intensity  is  high  at  any  time  during  the 
scan.  This  restriction  makes  it  all  the  more  difficult  to  achieve  adequate 
structural  strength. 


(a)   Tilt   -5°.  (?0   Tilt  0°. 

FIQ.  9-17. — Diffraction  effects  with  AN/APQ-13  (60-in.)  radar  over  Miami,  Fla. 

It  is  preferable  from  the  aerodynamic  viewpoint  that  an  antenna 
installation  such  as  D  in  Fig.  9-5  be  retracted  as  much  as  possible  within 
the  contours  of  the  fuselage.  The  amount  of  retraction,  however,  is 
limited  by  diffraction  at  the  edge  of  the  antenna  cavity  and  by  require- 
ments for  adequate  radar  vision.  Figure  9-17  shows  PPI  pictures  of 
Miami,  Fla.,  taken  from  an  aircraft  at  an  altitude  of  20,000  ft  on  a 
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northerly  heading.  The  radar  was  AN/APQ-13  with  the  60-in.  antenna. 
In  a  the  tilt  was  —  5°  as  in  normal  operation ;  in  b  it  was  0°.  With  the 
tilt  at  0°  the  radiation  from  the  upper  4  in.  of  the  reflector  are  intercepted 
by  the  fuselage  of  the  airplane.  The  fore-and-aft  range  is  reduced,  and 
a  dark  band  appears  in  the  pattern  below  the  center.  These  changes  are 
attributable  to  the  weakening  and  distortion  of  the  pattern  by  the  inter- 
ception and  diffraction  of  part  of  the  beam.  To  the  left  are  interference 
fringes  similar  to  those  of  Fig.  9-10. 

9-3.  Mechanical  Requirements. — For  any  given  type  of  antenna 
installation,  many  radomc  designs  that  meet  the  electrical  requirements 
are  possible.  These  designs  may  differ  considerably,  however,  in  strength, 
stiffness,  weight,  ease  of  fabrication,  and  general  serviceability.  In 
general,  when  the  mechanical  requirements  for  strength  and  stiffness  are 
minimal,  as  with  cylindrical  radomes  for  small  linear-array  beacon 
antennas,  a  relatively  simple  design  will  meet  both  electrical  and  mechan- 
ical requirements.  When  the  mechanical  specifications  are  severe,  as 
for  large  radomes  for  scanning  antennas  in  fast  airplanes,  it  often  becomes 
difficult  to  find  a  design  that  is  satisfactory  both  mechanically  arid  electri- 
cally. Under  such  circumstances,  it  may  be  necessary  to  relax  the  electri- 
cal specifications  to  some  extent. 

Strength. — Structural  failure  of  the  radome  must  not  take  place  under 
the  maximum  anticipated  aerodynamic  or  other  loads.  For  an  airborne 
radome  the  loads  can  be  estimated  fairly  well  and  the  adequacy  of  its 
structural  strength  can  be  determined  by  test.  Some  radomes  that  are 
strong  enough  to  withstand  aerodynamic  loads  may  be  fragile  and  require 
great  care  in  handling.  Because  it  may  sometimes  be  necessary  to 
remove  the  radome  to  check  or  adjust  the  antenna,  it  is  important  that 
the  radomc  be  sufficiently  rugged  to  withstand  reasonably  rough  handling. 

In  the  event  of  a  forced  landing  of  an  airplane  on  water  ("ditching"), 
it  is  highly  desirable  that  no  radome  failure  take  place,  in  order  that 
buoyancy  of  the  aircraft  be  maintained  as  long  as  possible.  It  can  be 
seen  that  in  installations  like  those  at  E,  D,  and  F  (Fig.  9-5)  the  radome  is 
subject  to  direct  impact  whereas  for  an  installation  such  as  that  at  A, 
impact  shock  may  cause  failure  in  the  radome  shell  or  at  the  attachment 
points.  The  ditching  load  may  be  much  larger  than  the  aerodynamic  load. 

Finally,  in  some  systems,  it  may  be  desirable  to  pressurize  the  radome 
instead  of  merely  the  r-f  transmission  line.  Stresses  due  to  the  differential 
pressure  between  the  inside  and  outside  of  the  radome  may  then  be 
greater  than  those  due  to  the  aerodynamic  load  and  therefore  dictate 
the  strength  requirement. 

Stiffness. — We  have  seen  that  supporting  ribs  cannot  be  placed  in  any 
portion  of  the  radome  wall  through  which  high  r-f  energy  is  to  be  trans- 
mitted, that  is,  in  what  may  be  called  the  " electrical  portion"  of  the 
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radome.  Minimization  of  the  reflection  of  energy  from  the  radome 
imposes  upon  the  design  of  the  radome  wall  certain  restrictions  that  may 
necessitate  a  thin  wall  over  a  large  unstabilized  area.  Under  such  cir- 
cumstances, elastic  instability  may  occur  cither  locally  ("oil-canning") 
or  throughout  the  entire  radome.  Even  if  elastic  instability  should  not 
occur,  the  deflections  of  the  radome  under  maximum  aerodynamic  load 
may  be  such  as  to  interfere  with  the  scanning  motion  of  the  scanner; 
hence,  stiffness,  as  well  as  strength,  of  radomes  and  radome  materials  is 
important. 

Heat  and  Cold  Resistance. — Many  materials  useful  for  radome  con- 
struction have  limited  resistance  to  heat.  Radomes  fabricated  of  these 
materials  may  be  adequate  in  some  installations,  as,  for  instance,  under 
the  center  section  of  the  fuselage,  where  the  radome  is  well  protected  by 
the  fuselage  and  wings  from  direct  sunlight.  On  the  other  hand,  if  such 
a  radome  is  mounted  in  the  nose  position,  the  direct  rays  of  the  sun  may 
cause  thermal  collapse,  especially  if  the  radome  is  painted  a  dark  gray  or 
black.  These  radomes  are  also  subject  to  failure  if  stored  under  poor 
conditions  without  free  circulation  of  air. 

Some  materials  that  are  tough  at  moderate  temperatures  become 
extremely  brittle  at  low  temperatures.  Their  use  should  be  avoided  if 
extremely  low  temperatures  are  anticipated  in  service. 

To  summarize,  the  selection  of  a  radome  material  must  be  based  on 
service  requirements;  extremes  of  temperature  may  rule  out  many 
materials  that  are  otherwise  satisfactory. 

Absorption  of  Water  Vapor  and  Water. — When  exposed  to  air  at  a  high 
temperature  and  high  relative  humidity  many  plastic  materials  absorb 
appreciable  amounts  of  water.  Absorption  of  this  kind,  which  occurs, 
for  example,  under  tropical  conditions,  results  in  an  increase  in  both  the 
dielectric  constant  and  loss  tangent  of  the  material.  Such  changes  in 
electrical  properties  of  the  material  in  a  radome  are  generally  undesir- 
able. In  regions  where  high  absolute  humidity  occurs  for  a  relatively 
brief  period  of  the  year,  the  entry  of  moisture  into  a  radome  containing 
hygroscopic  material  (cotton,  for  example)  can  be  appreciably  retarded 
by  a  suitable  protective  coating.  Such  protection  is  likely  to  be  merely 
temporary,  however,  and  inadequate  where  high  absolute  humidity 
occurs  for  extended  periods. 

It  is  possible  for  plastic  materials,  even  though  nonhygroscopic,  to 
absorb  water  on  immersion ;  this  may  occur  if  they  are  porous  or  cellular 
or  contain  voids  or  capillary  paths.  Consequently,  radomes  containing 
such  materials  are  likely  to  absorb  water  when  exposed  to  rain  and  there- 
fore should  have  a  suitable  protective  coating. 

Abrasion. — Abrasion  of  radome  materials  can  occur  when  dust  and 
stones  are  thrown  up  from  gravel  and  coral  runways  by  propellers  and 
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nose  wheels  or  when  hail  and  water  droplets  in  the  atmosphere  pelt 
against  the  plane.  To  allow  for  such  abrasion  it  may  be  necessary  to  have 
a  radome  structure  that  is  heavier  than  would  otherwise  be  required  or  one 
that  is  provided  with  an  abrasion-resistant  coating;  both  solutions  may 
be  undesirable  electrically. 

9-4.  Normal-incidence  Radomes. — Electrically,  a  radome  is  an  obsta- 
cle of  dielectric  material  in  front  of  the  antenna,  of  arbitrary  shape  and 
wall  section.  Predictions  as  to  its  influence  on  the  pattern  and  gain  of 
the  antenna  are  generally  impossible.  It  is  therefore  necessary  to  resort 
to  an  approximation  that  will  usually  be  adequate  for  most  problems.  If 
the  validity  of  geometrical  optics  is  assumed,  rays  may  be  traced  from 

the  center  of  the  antenna  fend  to 
the  reflector  dish  where  they  are 
specularly  reflected  and  then  to  the 
radome.  Since  in  most  radomes 
the  radius  of  curvature  is  large 
compared  with  the  wavelength,  it 
may  be  assumed  that  each  small 
element  of  the  radome  area  is 
independent  of  the  adjacent  areas. 
This  is  justifiable  when  the  proper- 
ties of  the  radome  do  not  change 
too  rapidly  from  point  to  point 
and  ribs  and  other  discontinuities 
are  absent. 

A  representative  type  of 
antenna  and  radome  arrangement 
is  illustrated  in  Fig.  9-18.  The 
radome  may  be  cylindrical  or 
hemispherical;  a  paraboloidal  reflector  is  assumed,  together  with  a  pencil 
beam.  The  rays  incident  upon  the  radome  are  denoted  by  IR;  the  rays 
reflected  from  the  radome,  by  RR\  and  the  transmitted  rays,  by  TR.  The 
relative  lengths  of  the  lines  in  Fig.  9-18  are  intended  to  give  some  repre- 
sentation of  the  relative  power  involved ;  the  transmitted  power  at  any  point 
is  less  than  the  incident  power  because  of  reflection  and  absorption.  Tn  a 
radome  such  as  that  depicted  in  Fig.  9-18,  the  angle  of  incidence  is  usually 
less  than  30°.  Under  these  circumstances  the  percentages  of  reflected, 
absorbed,  and  transmitted  power  closely  approach  those  for  normal 
incidence.  This  may  therefore  be  called  a  normal-incidence  radome. 
The  power-transmission  coefficient  for  any  point  of  the  radome  is  defined 
as  the  ratio  of  the  transmitted  power  to  the  incident  power  at  that  point, 
and  the  power-reflection  coefficient,  as  the  ratio  of  the  reflected  power  to 
the  incident  power.  These  ratios  will  be  denoted  by  IT7!2  and  |7?|2,  respec- 


Radome 


FIG.  9-  L8.—  Normal  incidence  radome. 
IR,  incident  lays;  RR,  reflected  rays;  TR, 
transmitted  rays. 
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tively.  Most  radome  walls  have  uniform  electrical  properties  from  point 
to  point;  and  as  far  as  transmitted  power  is  concerned,  they  are  equivalent 
to  plane  sheets  of  like  material  upon  which  radiation  is  incident  normally. 
The  transmission  of  any  normal-incidence  radome  may  be  predicted, 
therefore,  from  the  known  behavior  of  a  corresponding  plane  sheet  of 
dielectric  toward  a  normally  incident  plane  electromagnetic  wave. 
Similarly,  the  reflection  by  a  radome  of  any  given  wall  construction  is 
closely  approximated  by  that  from  a  plane  panel  made  of  the  same 
material. 

9-5.  Streamlined  Radomes. — The  problems  in  a  typical  streamlined 
radome,1  such  as  is  depicted  in  Fig.  9-19  may  now  be  analyzed.     The 


Pillbox 


Fit:.  0-19.-   Streamlined  radome.      (a)  Elevation  view;  (b)  plan  view.      fR,  incident  ra>&; 
RR,  reflected  rays;  TR,  transmitted  rays. 

plan  view  of  the  radome  and  antenna  is  shown  at  ?>,  with  the  antenna 
reflector  looking  aft.  At  a  a  section  through  the  longitudinal  plane  CC 
in  6  is  shown  in  elevation.  The  ray  diagram  of  a  typical  pillbox-type 
cosecant-squared  antenna  is  also  shown.  The  steep  low-intensity  ray  is 
seen  to  be  incident  on  the  radome  wall  almost  normally,  whereas  for  the 
almost  horizontal  ray  the  angle  of  incidence  is  large.  If,  for  example,  a 
feed  were  polarized  horizontally,  the  radiation  at  any  point  of  the  radome 

1  Many  of  the  nose-type  radomes  for  airborne  use  may  be  streamlined  from  the 
aerodynamical  viewpoint  and  still  be  considered  normal-incidence  radomes  from  the 
electrical  point  of  view. 
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in  the  vertical  plane  CC  in  Fig.  9-19  would  be  polarized  perpendicularly 
to  the  plane  of  incidence. 

Consideration  of  other  vertical  sections,  such  as  XX  in  Fig.  9-19, 
shows  that  for  some  positions  of  the  antenna  there  are  rays  that  have  a 
large  angle  of  incidence  with  respect  to  the  radome  wall  but  with  the 
polarization  parallel  to  their  plane  of  incidence.  Other  rays  can  be  found 
for  which  the  angle  of  incidence  is  large,  and  both  parallel  and  perpendicu- 
lar components  are  comparable  in  amplitude.  For  any  given  angle  of 
incidence,  both  the  power  transmitted  and  the  phases  of  the  reflected 
and  transmitted  radiation  depend  upon  the  polarization.  The  incident 
ray  at  any  point,  therefore,  must  be  separated  into  two  components — one 
polarized  perpendicular  to  and  the  other  parallel  to  the  plane  of  incidence 
— and  the  two  components  considered  separately. 

Reflection  from  a  streamlined  radome  into  the  r-f  line  is  likely  to  be 
small,  as  illustrated  in  Fig.  9-19,  making  it  unnecessary  to  reduce  the 
reflection  coefficient  of  the  radome  wall  to  a  very  low  value.  Tt  is  desir- 
able, however,  to  keep  the  reflection  over  the  radome  wall  as  a  whole  to  as 
low  a  value  as  possible — (1)  to  avoid  loss  in  range  and  (2)  to  avoid  pos- 
sible pattern  distortion  resulting  from  large  amounts  of  r-f  power  ran- 
domly reflected  from  inside  the  radome  enclosure.  In  order  to  design 
wall  constructions  suitable  for  streamlined  radomes,  it  is  necessary  to 
know  the  transmission  behavior  of  a  plane  panel  of  the  dielectric  material 
for  a  plane  wave  incident  at  any  angle,  with  the  plane  of  polarization 
also  arbitrary.  Such  an  analysis  shows  that  the  reflection  and  transmis- 
sion characteristics  of  wall  constructions  suitable  for  radomes  of  the 
normal-incidence  type  do  not  vary  appreciably  for  angles  of  incidence 
ranging  from  0°  to  30°. 


CHAPTER  10 
ELECTRICAL  DESIGN  OF  NORMAL-INCIDENCE  RADOMES 

BY  H.  LKADERMAN 

10-1.  Introduction. — A  normal-incidence  radome  is  defined  as  one  in 
which  the  radiation  from  the  antenna  falls  almost  normally  upon  the 
radome  wall.  If  the  angle  of  incidence  is  less  than  30°,  the  percentage  of 
the  incident  power  reflected  by  the  radome  is  nearly  the  same  as  for  nor- 
mal incidence  on  a  plane  panel  of  the  same  wall  construction  (see  Sec. 
11-3).  The  power  reflected  into  the  line  by  the  radome  and  the  phase  of 
the  reflected  wave  depend  upon  the  geometry  of  the  antenna  and  radome; 
for  any  given  geometrical  configuration,  the  power  reflected  into  the  r-f 
line  by  the  radome  is  proportional  to  the  power-reflection  coefficient  of 
the  equivalent  plane  panel  with  respect  to  a  normally  incident  plane  wave. 
Where  magnetron  pulling  determines  the  design  of  the  radome,  the  allow- 
able power-reflection  coefficient  of  the  equivalent  plane  panel  is  known 
either  from  experience  or  by  calculation  from  the  magnetron  character- 
istics and  the  geometry  of  the  system.  Hence,  for  a  normal-incidence 
radome  the  transmission  and  reflection  of  a  normally  incident  plane  wave 
by  a  plane  panel  of  the  same  wall  construction  as  the  radome  are  of 
primary  interest. 

In  general,  where  radomes  are  used  for  ground  and  ship  systems  they 
are  of  the  approximate  normal-incidence  type,  as  shown  in  Figs.  9-1  and 
9-2.  The  purpose  of  the  conical  wall  of  the  radome  of  Fig.  9-2  is  to  reduce 
the  reflection  of  energy  into  the  r-f  line. 

Figures  9-3  and  9-4  show  two  types  of  radomes  for  airborne  use.  The 
former  consists  of  a  cylinder  capped  with  a  hemisphere  and  is  shown  with 
a  cosecant-squared  antenna.  With  this  installation,  radiation  falls 
nearly  normally  on  the  radome  wall,  passing  mostly  through  the  hemi- 
sphere. It  would  be  expected  that  a  rib  or  other  discontinuity  placed 
as  shown  in  Fig.  9-3  would  be  in  a  region  of  such  low  power  level  that  it 
would  have  only  a  slight  effect  on  the  pattern.  In  Fig.  9-4,  which  shows 
a  nose-type  radome  for  a  very  fast  airplane,  the  angle  of  incidence  is 
large  over  most  of  the  electrical  area  of  the  radome;  from  the  electrical 
point  of  view  the  radome  is  therefore  streamlined  and  not  one  of  normal 
incidence. 

The  simplest  construction  of  the  radome  wall  consists  of  a  single 
dielectric  sheet  either  of  uniform  thickness  or  with  variations  in  thickness 
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much  smaller  than  the  wavelength.  The  design  of  such  normal-incidence 
radomes  will  be  considered  first.  More  complicated  constructions, 
involving  layers  of  material  with  different  dielectric  properties,  possess 
certain  advantages  over  the  homogeneous  wall  construction  in  strength, 
stiffness,  and  weight;  they  will  be  discussed  subsequently. 

Some  of  the  r-f  energy  is  absorbed  by  the  radome  wall  owing  to  dielec- 
tric losses  in  the  material.  Because  of  the  short  path  in  the  dielectric, 
however,  extremely  low-loss  material  is  not  required  as  it  is  for 
coaxial  transmission  lines.  Even  so,  reasonably  low-loss  material  should 
be  used  to  prevent  excessive  absorption  of  r-f  energy.  It  will  be  found 
that  in  the  range  of  allowable  absorption,  the  reflection  of  a  panel  or 
radome  is  only  slightly  affected  by  the  loss  properties  of  the  radome 
materials  but  the  transmission  may  be  reduced  considerably. 

10-2.  Plane  Lossless  Sheet,  Normal  Incidence.  —  When  radiation  is 
incident  normally  on  the  surface  of  a  plane  sheet  of  dielectric  material, 
part  of  it  is  reflected  at  the  front  surface;  the  remainder  enters  the  sheet 
and  is  partially  reflected  at  the  back  surface.  Some  of  this  wave  that  is 
reflected  at  the  back  surface  reemerges  at  the  front  surface  and  is  directly 
superposed  on  the  originally  reflected  portion;  part  of  it  undergoes  mul- 
tiple reflection  in  the  sheet  and  further  contributes  to  the  resultant  reflec- 
tion. In  general,  the  resultant  reflection  from  the  back  wall  would  be 
expected  to  be  equal  in  magnitude  but  opposite  in  phase  to  that  from  the 
front  wall  and  thus  cancel  it.  If  this  were  not  so,  there  would  be  a  sudden 
discontinuous  jump  from  no  reflection  for  no  sheet  to  an  appreciable  one 
of  finite  value  for  a  sheet  that  is  infinitesimally  thin.  Such  discontinuities 
are  rarely  found.  The  expectation  is  confirmed  by  the  electromagnetic 
theory  of  the  reflection  :  the  amplitude-reflection  coefficients  for  the  two 
surfaces  are  equal  in  magnitude  but  opposite  in  sign,  and  the  amplitude 
of  the  resultant  reflected  wave  approaches  zero  for  a  sheet  of  infinitesimal 
thickness  (see  Sees.  12-4  and  12-5). 

When  the  thickness  of  the  sheet  of  dielectric  material  equals  one 
quarter  wavelength,  the  wave  reflected  from  the  back  surface  will  have 
traveled  a  half  wavelength  more  than  the  wave  that  is  reflected  at  the 
front  surface  and  will  be  in  phase  with  it.  For  this  thickness  and  also 
for  those  of  -|\s,  f  XB,  etc.,  the  reflection  should  be  a  maximum. 

For  a  sheet  whose  thickness  is  an  integral  multiple  of  a  half  wavelength 
in  the  material,  however,  the  waves  should  again  be  out  of  phase  and 
give  a  resultant  reflection  value  of  zero.  All  of  this  is  expressed  by  Eq. 
(12-77),  giving  the  power-reflection  coefficient 

4r^  sin2  * 


In  this  equation  rob  is  the  amplitude-reflection  coefficient  at  the  front 
surface,  and 
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(2) 


</>/27r  being  the  electrical  thickness  of  the  sheet,  where 

d  =  thickness  of  the  sheet, 
X0  =  free-space  wavelength, 
n  =  index  of  refraction  = 
e  =  dielectric  constant  of  the  material, 
e0  =  dielectric  constant  of  free  space, 
c/co  =  specific  dielectric  constant, 
Xo/n  =  wavelength  in  the  dielectric. 

It  is  apparent  that  \R\2  =  0  for  0  =  NTT.     (N  is  any  integer,  includ- 
ing 0.)     For  such  values  of  0,  d  is  given  by 


(3) 


As  d  is  varied,  the  maximum  value  of  the  power-reflection  coefficient 
is  found  to  be 


(1  + 


for 


(4) 


this  maximum  is  realized  at  any  value  of  d  satisfying  the  relation 


For  calculating  actual  values,  we  use 

n-  1 
n  +  1  = 


Tab   = 


-  1 


+    1 


(5) 


from  Eq.  (12-39a).     When  the  value  of  »•„(,  from  Eq.  (5)  is  put  into  Eq. 
(4),  the  maximum  value  of  the  power-reflection  coefficient  is  given  by 


(6) 


(7l2  +   I)2 


to 


Co 


Curves  of  the  power-reflection  coefficient  \R\2  plotted  against  rf/Xo  for 
various  values  of  e/e0  are  given  in  Fig.  10-1. 

In  the  curves  plotted  in  Fig.  10-2  the  ordinates  give  the  absolute  values 
of  the  amplitude-reflection  coefficient  \R\  for  various  values  of  e/e0.     The 
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abscissas  are  values  of  the  ratio  of  the  thickness  of  the  panel  d  to  the  wave- 
length in  the  panel,  Xo/vV^o-  This  ratio,  which  is  equal  to  0/2v  [Eq. 
(2)]  represents  the  electrical  thickness  of  the  panel.  The  curves  extend 
from  <£/27r  =  0  to  <£/2ir  =  0.25.  To  find  the  reflection  of  a  panel  that 
has  a  greater  electrical  thickness,  the  difference  between  the  actual 
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electrical  thickness  and  the  nearest  half-integer  is  taken  for  the  abscissa 
in  Fig.  10-2. 

To  minimize  the  reflection,  then,  the  panel  or  radome  should  have  a 
thickness  that  is  just  equal  to  an  integral  number  of  half  wavelengths  in 
the  dielectric.  In  Table  10-1  the  half -wavelength  thicknesses  for  several 
values  of  X0  and  c/e0  are  given  in  centimeters.  These  thicknesses  are  too 
great  for  the  longer  wavelengths  (say  10  to  25  cm)  to  be  practicable  for 
radomes;  their  use,  however,  is  reasonable  in  the  1-cm  band  and  possible 
in  the  3-cm  band. 

TABLE  10-1.— HALF-WAVELENGTH  THICKNESSES  OF  DIELECTRIC  SHEETS 


€ 
£0 

(specific 
dielectric 
constant) 

X0  (free-space  wavelength),  cm 

25 

10 

3 

1 

10 

3.95 

1.58 

0.47 

0.158 

4 

6.25 

2.50 

0  75 

0.250 

2 

8.84 

3  54 

1.06 

0.354 

In  practice,  it  is  not  possible  to  make  a  panel  or  radome  of  the  exact 
thickness  that  will  be  nonreflecting  at  a  given  frequency.  What  can  be 
specified,  however,  is  the  maximum  power-  (or  amplitude-)  reflection 
coefficient  that  the  panel  or  radome  may  have  and  still  possess  satis- 
factory electrical  properties.  The  allowable  value  of  \H |2  thus  determines 
the  limits  of  thickness  above  and  below  the  half-wavelength  thicknesses 
given  in  Table  10-1.  Let  us  assume  that  the  thickness  of  a  panel  deviates 
by  a  small  amount  Ad  from  the  half -wave  thickness  so  that 


rf-^+ 


~2n' 


(N  is  an  integer).     By  Eq.  (2), 


2n  27T  Ad 

1 — , 

AO  AQ 

n  n 


or 
if 


(7) 

(8) 
(9) 


264    ELECTRICAL  DESION  OF  NORMAL-INCIDENCE  RADOME    IHisc.  10-2 
For    A</>  <K  1,  sin  (Mr  +  A<£)  =  sin  A0  «  A0.     After    substituting    this 


and  Tab  = 


+  1 


in  Eq.  (1),  it  can  be  reduced  to  give 


(10) 


The  values  of  Ad/X0  corresponding  to  different  choices  of  e/e0  and  \R\'2 
can  be  calculated  from  Eq.  (10).  Such  values  of  Ad/X0  are  given  in 
Table  10-2. 

TABLE  10-2. — TOLERANCES  IN  HALF- WAVE  LENGTH  THICKNESSES 
OF  HOMOGENEOUS  PANELS 


Values  of  —  >  cm 

e 

0 

l/ei2  =  o.oi 

\R\*  =  0.02 

l/t!l2  =  0.04 

2 

0.033 

0.047 

0.069 

4 

0.011 

0.015 

0.022 

10 

0.004 

0.005 

0.007 

In  the  region  of  X0  =  1  cm,  where  the  half-wavelength  panel  has  a  practi- 
cable thickness,  the  tolerances  are  reasonable  when  the  dielectric  constant 
is  low  but  decrease  rapidly  as  the  dielectric  constant  increases.  This 
result  is  apparent  also  from  Fig.  10-1. 

Even  though  a  radome  with  a  wall  of  half-wavelength  thickness  has 
been  designed  for  a  given  wavelength  X0,  it  will  probably  be  used  for  a 
definite  band  of  wavelengths  that  may  extend  ±2  per  cent  from  the 
center  of  the  band.  Thus,  appreciable  reflection  may  arise  not  only 
because  of  variations  in  thickness  within  manufacturing  tolerances  but 
also  because  of  variations  in  frequency. 

Thin  Panels  and  Radomes. — From  Fig.  10-L  it  can  be  seen  that  a 
panel  of  lossless  dielectric  has  low  reflection  if  its  thickness  is  small  in 
comparison  with  the  free-space  wavelength.  Equation  (10)  and  the 
calculated  values  of  Ad/X0  of  Table  10-2  also  apply  for  such  actual  devia- 
tion from  zero  thickness.  For  relatively  large  values  of  X0  (say,  10  to 
25  cm),  reasonable  values  of  d,  now  Ad,  correspond  to  small  values  of 
\R\2.  For  wavelengths  in  the  3-cm  range,  these  thicknesses  are  smaller, 
while  in  the  1-cm  range  the  thicknesses  for  small  values  of  \R |2  are  usually 
too  small  to  be  practicable.  For  any  particular  radome,  the  choice  of 
material  for  the  wall  must  depend  not  only  upon  the  dielectric  constant  of 
the  material  but  also  upon  its  mechanical  properties  and  the  mechanical 
requirements  for  the  radome. 
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Panels  with  Low  Dielectric  Constant. — From  Eq.  (6)  it  is  clear  that  the 
maximum  reflection  at  normal  incidence  of  a  lossless  panel  decreases 
rapidly  with  a  decrease  in  dielectric  constant.  Table  10-3  gives  values 
of  the  maximum  power-reflection  coefficient  for  various  values  of  e/eo. 
Thus,  if  the  maximum  allowable  power-reflection  coefficient  is  0.040, 
any  thickness  of  panel  necessary  for  mechanical  reasons  can  be  used, 
provided  that  €/e0  ^  1.5.  Since  actual  materials  are  not  lossless,  the 

TABLE  10-3. — REFLECTION  OF  PANELS  WITH  Low  DIELECTRIC  CONSTANT 


i.7  0.067 

1.6  0.053 

1.5  0.040 

1.4  0.028 

absorption  may  be  large  if  the  panel  is  a  large  number  of  wavelengths 
thick;  thus  the  transmission  may  be  low  even  though  the  reflection  is 
small.  This  situation,  however,  seldom  arises  with  radomes.  If  the 
specific  dielectric  constant  is  slightly  higher  than  J.5  (say,  1.6  or  1.7), 
then  it  is  necessary  merely  to  keep  somewhat  away  from  the  region  of  odd 
multiples  of  the  quarter- wavelength  thickness  in  order  to  keep  the  power- 
reflection  coefficient  below  the  specified  value  of  0.040. 

Summarizing  the  results  so  far,  we  see  that  it  is  possible  to  make 
homogeneous  panels  or  radome  walls  giving  low  reflection,  provided  that 
one  of  the  following  three  conditions  is  satisfied: 

1.  The  thickness  is  small  compared  with  the  wavelength  [Eq.  (10)]. 

2.  The  thickness  is  very  nearly  equal  to  an  integral  multiple  of  the 
half-wavelength  thickness  [Eq.  (3)]. 

3.  The  dielectric  constant  is  low  [Eq.  (6)]. 

10-3.  Plane  Lossy  Sheet,  Normal  Incidence. — Actual  dielectrics  are 
always  somewhat  lossy,1  so  it  is  in  order  to  consider  how  the  results  of  the 
preceding  section  are  modified  when  the  losses  of  energy  are  taken  into 
account. 

In  general,  it  can  be  stated  that  the  same  considerations  are  relevant, 
but  with  the  modifications  that  are  obviously  necessary  because  of  the 
attenuation  of  any  wave  that  is  propagated  in  the  lossy  material.  The 
transmitted  power  is  less  because  each  emerging  partial  wave  has  trav- 
ersed the  sheet  of  dielectric  once  or  more.  The  waves  reflected  from  the 
back  surface,  which  combine  with  the  primary  reflected  wave  from  the 

1  For  a  detailed  account  of  the  properties  of  lossy  sheets  see  R.  M.  Redheffer, 
"Reflection  and  Transmission  of  Single  Plane  Sheets,"  RL  Report  No.  483-4,  July 
1944;  also  "Transmission  and  Reflection  of  Parallel  Plane  Sheets,"  RL  Report  No. 
483-12,  January  1945. 
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front  surface,  will  have  made  at  least  two  traversals  of  the  sheet.  Their 
resultant  will  therefore  be  smaller  than  in  a  lossless  medium  and  will 
never  be  great  enough  to  cancel  the  primary  reflected  wave  completely. 
The  reflection,  therefore,  for  thicknesses  of  material  that  are  integral 
multiples  of  the  half  wavelength,  will  be  expected  merely  to  have  mini- 
mum values  rather  than  to  become  zero. 

These  expectations  are  in  accord  with  the  quantitative  results  that 
are  derived  in  Sec.  12-5.  In  order  to  discuss  some  of  those  results,  it  is 
necessary  to  define  the  quantities  customarily  used  in  describing  lossy 
mediums. 

A  lossy  medium  is  often  characterized  by  a  dielectric  constant  that  is 
a  complex  number.  It  may  be  written 

e  =  e'-.7V',  (11) 

or 

€  =  €'(1   _  jtan  5).  (12) 

The  specific  dielectric  constant  is  €/e0,  eo  being  the  dielectric  constant  of 
free  space,  so 

-  --  ~  (1  -  j  tan  5).  (13) 

to         to 

The  quantity  tan  5  is  the  loss  tangent  and  equals  e" /ef. 

In  optical  theory,  dielectric  materials  are  characterized  by  an  index  of 
refraction  n  and  an  absorption  coefficient  K.  The  present  considerations 
are  mixed,  since  they  deal  with  the  optical  behavior  of  materials  whose 
properties  are  determined  by  electrical  measurements.  The  relationships 
among  these  various  quantities  are  developed  in  Soc.  12-2.  Here  it 
should  suffice  merely  to  quote  the  results.  The  equations  [see  Eqs. 
(12-16a)]  are  _ 


K/l  +  tan2  6  -  I 

For  tan2  5  <C  1,  these  reduce  to 

/?/,     ,    tan2S 

tan  8  I \        tan2 


K  = 


2 

or  to  a  first  approximation  to 


n  ~  \r; 

tan  8 

««      2    • 
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The  wavelength  of  the  radiation  in  the  dielectric  material  \a  equals 
From  Eq.  (15)  it  is  clear  that  Xa  decreases  if  tan  5  increases  for  a 
given  value  of  e'Ao-  The  half-wavelength  thickness  of  a  lossy  panel  is 
thus  slightly  less  than  that  of  a  lossless  one  having  the  same  value  of 

c'Ao- 


0  0.1          0.2          0.3          0.4          0.5         0.6 

Thickness  of  sheet/wavelength  in  sheet,  4A$ 
Fio.  10-3. — Reflection  of  a  plane  lossy  sheet.     The  dielectric  constant  is  2eo. 

Equation  (12-81)  gives  the  expression  for  the  power-reflection  coef- 
ficient. It  seems  preferable  to  present  the  results  graphically  here  rather 
than  to  define  all  the  quantities  appearing  in  that  equation  and  to  analyze 
it  in  detail.  The  absolute  value  of  the  amplitude-reflection  coefficient 
\R\  is  plotted  against  d/\a  for  different  values  of  tan  5.  Figures  10-3  and 
10-4  show  such  curves  for  e'/«o  =  2  and  e'/eo  =  4,  respectively.  It  is 
seen  that  if  tan  5  is  small,  the  reflection  is  slightly  less  than  for  a  lossless 
sheet,  except  in  the  region  of  the  half-wavelength  thickness.  At  the  half- 
wavelength  thickness  the  reflection  does  not  become  zero  but  is  small 
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when  tan  5  is  small,  so  that  it  can  be  neglected.  When  tan  5  is  large, 
this  is  not  true;  the  transmission  of  such  materials,  however,  is  so  small 
for  appreciable  values  of  d/\8  that  they  are  of  no  use  for  construction  of 
radomes.  With  useful  materials,  the  reflection  at  normal  incidence  is 
practically  what  it  would  be  if  they  were  lossless. 

Equation  12-82  gives  the  corresponding  expression  for  the  power- 
transmission  coefficient  |77|2.     It  is  also  plotted  against  d/\8  for  different 


0.1 


0.7 


0.2  0.3  0.4          05          0.6 

Thickness  of  sheet/wavelength  in  sheet,  d/\8 
FIG.  10-4. — Reflection  of  a  plane  lossy  sheet.     The  dielectric  constant  is  4eo. 

values  of  tan  5  for  values  of  c'Ao  equal  to  2  and  4  in  Figs.  10-5  and  10-6, 
respectively.  It  is  seen  that  the  transmission  depends  significantly  upon 
the  loss  tangent,  except  when  d/\8  is  extremely  small.  The  transmission 
of  a  sheet  whose  thickness  is  a  half  wavelength  falls  off  rapidly  with  an 
increase  in  tan  6;  for  any  value  of  tan  5  other  than  zero  the  optimum 
transmission  occurs  at  a  thickness  slightly  less  than  X./2. 

In  actual  practice,  the  materials  useful  for  making  homogeneous  walls 
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for  radomes  in  the  range  of  wavelengths  from  1  to  10  cm  are  low-loss 
materials  for  which  tan  6  is  less  than  0.1.  At  the  lower  end  of  the  wave- 
length range  the  half-wavelength  thickness  is  practicable  for  radome 
construction,  but  tan  6  must  be  small  because  the  transmission  depends  on 
it  markedly.  Alternatively,  materials  of  very  low  dielectric  constant 
have  been  used  in  thicknesses  of  several  half-wavelengths;  the  reflection 


0.1          0.2          0.3          0.4  0.5          0.6 

Thickness  of  sheet/wavelength  in  sheet,  d/\, 
FIG.  10-5. — Transmission  of  a  piano  lowsy  sheet.     The  dielectric  constant  is  2to- 

is  then  low  and  the  transmission  is  high  if  the  loss  tangent  is  small  enough. 
At  the  upper  end  of  the  wavelength  range  it  is  feasible  to  use  materials  of 
high  strength  in  sheets  that  are  thin  compared  with  Xa.  It  is  nevertheless 
desirable  to  keep  e'/«o  as  low  as  possible  in  such  "thin-walled"  radomes  or 
panels  in  order  that  the  reflection  may  be  as  small  as  possible.  The 
materials  of  lower  dielectric  constant  usually  also  have  low  values  of  the 
loss  tangent. 
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Equation  12-85  is  an  approximate  expression  for  the  power-trans- 
mission coefficient  for  JV-half -wavelength  panels.  If  we  substitute 
nb  =  V«7«o  and  K&  =  tan  5/2  into  it,  it  becomes 


16  L 


tan  fi 


(17) 


Tn  Fig.  10-7  the  transmission  loss  (1  —  |7'|2)  has  been  plotted  for  a  panel 


0.1 


0.1          0.2          0.3          0.4          0.5          0.6 
Thickness  of  sheet/wavelength  in  sheet,  d/\s 


0.7 


FIQ.  10-6. — Transmission  of  a  plane  lossy  sheet.     The  dielectric  constant  is  4eo. 

of  half-wavelength  thickness  for  various  values  of  c'/eo  and  tan  5.  The 
curves  are  computed  from  the  exact  equation  [Eq.  (12-82)],  and  the  points 
are  computed  from  the  approximate  equation  [Eq.  (17)].  It  can  be 
seen  that  the  latter  expression  is  sufficiently  accurate  for  all  practical 
purposes. 
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In  many  cases,  the  value  of  the  loss  tangent  is  known  only  approxi- 
mately, and  it  is  desired  to  obtain  a  preliminary  idea  as  to  the  transmis- 
sion loss  in  a  single  or  multiple  half-wavelength  sheet  designed  for  normal 
incidence.  If  NTT  tan  5  is  small,  Eq.  (17)  can  be  reduced  to 


-- 

1  -  I?1!2  «  £°-7^- 


tan  «. 


(18) 


Thus,  the  transmission  loss  of  a  panel  N  half  wavelengths  thick  is  seen 
to  be  approximately  equal  to  NTT  tan  6  for  many  materials.     For  a  panel 


Computed  by  approximate 
formula 
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0.5       1.0   1.5 


0.002       0.005     0.01      0.02          0.05      0.10       0.2 

tani 
FIG.  10-7. — Transmission  loss  of  a  lossy  sheet  of  half-wnveleiiKtli  thirknosH. 

one  half  wavelength  thick,  for  which  e'/eo  is  equal  to  4  and  tan  5  is  equal 
to  0.015,  the  loss  in  transmission  is  almost  entirely  due  to  absorption  and 
is  about  5  per  cent  of  the  incident  power.  If  the  tolerances  can  be  main- 
tained so  that  the  transmission  loss  due  to  reflection  is  less  than  5  per 
cent,  a  transmission  of  90  to  95  per  cent  of  the  incident  power  can  be 
expected.  In  this  case  it  is  hardly  worth  while  to  use  materials  of  lower 
loss  tangent  in  order  to  reduce  the  transmission  loss,  especially  because 
such  materials  are  usually  less  desirable  because  of  lower  strength,  stiff-  , 
ness,  and  heat  resistance. 

Materials  with  high  loss  tangents  should  not  be  used  for  single  or 
multiple  half- wavelength  radomes.  For  example,  a  material  for  which 
e'/eo  =  4  and  tan  6  =  0.1  has  a  transmission  of  only  64  per  cent  for  a 
single  half -wavelength  thickness.  The  transmission  loss  of  36  per  cent 
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of  the  incident  power  is  almost  entirely  due  to  absorption  in  the  dielectric. 
Likewise,  materials  that  are  likely  to  absorb  appreciable  amounts  of 
water  under  operating  conditions  should  not  be  used  for  radomes  because 
absorption  of  water  causes  an  increase  in  dielectric  constant  (with  a 
resulting  increase  in  reflection)  and  also  in  an  increase  in  loss  tangent. 

In  panels  or  radomes  that  are  thin  compared  with  the  half  wavelength, 
there  is  even  less  reason  to  use  materials  of  very  low  loss  tangent  than 
there  is  with  half-wavelength  constructions.  Examination  of  Eqs. 
(12-09)  to  (12-72)  inclusive  shows  that  the  absorption  factor  is  one  that 
has  d/\o  in  the  exponent.  As  an  instance,  with  the  material  considered 
two  paragraphs  back,  for  which  e'/e0  is  4  and  tan  5  is  0.015,  we  find  that 
when  d/\o  =  0.025  and  (d  \A'/co)Ao  =  0.05,  the  loss  by  absorption  is 
less  than  1  per  cent,  to  be  compared  with  a  reflection  loss  of  5  per  cent. 
Even  if  the  loss  tangent  were  to  be  0.10  instead  of  0.015,  the  absorption 
would  be  only  5  per  cent.  We  conclude  that  in  thin-walled  radomes 
designed  for  longer  wavelength  antennas  (10  to  25  cm)  it  is  not  necessary 
for  the  loss  tangent  to  be  low  if  (d  vV/'€o)  Ao  is  small. 

It  is  sometimes  necessary  to  provide  a  housing  for  an  antenna  of  longer 
wavelength,  say  100  cm.  In  this  case,  the  thickness  that  is  necessary  for 
structural  reasons  may  be  small  enough  to  be  only  a  few  thousandths  of 
the  wavelength.  Under  these  circumstances  it  is  not  necessary  to  use 
material  having  either  a  low  dielectric  constant  or  a  low  loss  tangent,  nor 
is  it  necessary  to  use  a  material  with  low  water  absorption,  because  large 
values  of  these  factors  will  be  more  than  compensated  for  by  the  small 
value  of  d/\o. 

104.  General  Characteristics  of  Double-wall  and  Sandwich  Radomes. 
The  reflection  and  transmission  characteristics  of  a  single  plane  sheet  of 
dielectric  were  considered  in  Sec.  10-3.  In  spite  of  the  variety  of  available 
materials  of  various  electrical  and  mechanical  properties,  it  is  often 
impossible  to  design  a  satisfactory  normal-incidence  radomc  made  of  u 
single  homogeneous  sheet  of  dielectric.  The  impediment  may  be  inade- 
quate mechanical  strength,  stiffness  or  weather  resistance  of  materials 
otherwise  electrically  suitable,  excessive  weight,  or  impossible  tolerances. 
For  example,  let  us  assume  that  it  is  desired  to  fabricate  a  normal- 
incidence  radome  using  a  material  of  dielectric  constant  4e0,  the  loss  in 
transmitted  power  resulting  from  reflection  to  be  less  than  4  per  cent. 
From  Fig.  10-2,  it  is  found  that  the  electrical  thickness  (d/  \A'/€o)Ao, 
corresponding  to  the  allowed  amplitude-reflection  coefficient  of  0.2,  must 
be  less  than  0.044  or  must  lie  within  the  range  0.500  +  0.044. 

A  half -wavelength  radome  wall  would  thus  be  more  than  eleven  times 
as  thick  and  heavy  as  one  corresponding  to  the  smaller  electrical  thick- 
ness; its  strength  and  stiffness  would  be  approximately  one  hundred  thirty 
and  fifteen  hundred  times  as  great,  respectively,  as  for  the  thin-wall 
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design.1  The  ratios  depend,  of  course,  upon  the  smaller  thickness  deter- 
mined by  the  allowable  reflection  coefficient.  It  may  happen  that  a 
thin-wall  design  has  insufficient  strength  or  stiffness  while  the  half-wave- 
length design  is  excessively  heavy  and  unnecessarily  strong  and  stiff. 
The  half -wavelength  design  may  be  entirely  too  heavy  for  an  airborne 
radar  set.  The  double-wall  and  sandwich  constructions  that  will  now  be 
discussed  are  more  flexible,  in  that  low  reflection  can  be  obtained  without 
necessarily  involving  excess  weight,  strength,  or  stiffness. 

As  shown  in  the  preceding  section,  the  minimization  of  the  reflection 
by  a  single- wall  radome  results  from  mutual  cancellation  of  the  reflections 
from  the  front  and  rear  interfaces  of  the  dielectric  sheet.  This  suggests 
that  similar  cancellation  can  be  obtained  by  the  use  of  two  thin  sheets 
separated  by  an  air  space:  the  double-wall  construction.  More  generally, 
the  space  between  the  two  sheets  is  filled  with  a  second  dielectric  medium ; 
this  is  the  sandwich  construction. 

It  will  be  recalled  that  the  reflection  coefficient  for  a  wave  incident 
upon  a  sheet  of  dielectric  material  is  equal  in  magnitude  but  opposite  in 
sign  to  the  reflection  coefficient  for  the  wave  incident  on  the  rear  interface 
of  the  sheet.  For  this  reason  cancellation  is  obtained  for  vanishing 
thickness  and  for  thicknesses  that  are  integral  multiples  of  a  half  wave- 
length in  the,  dielectric,  so  that  the  retardation  in  one  round  trip  in  the 
sheet  is  an  integral  number  of  whole  wavelengths.  If  two  like  thin 
sheets  separated  by  an  air  space  are  to  be  used,  the  reflection  coefficient 
will  be  the  same  for  each.  The  reversal  of  phase  necessary  for  the  cancel- 
lation Avill  have  to  be  produced  by  spacing  the  sheets  either  one  quarter 
wavelength  or  an  odd  multiple  of  a  quarter  wavelength  apart. 

There  is  a  related  case  for  the  single  dielectric  sheet  that  is  of  interest, 
although  so  far  it  has  not  been  of  much  practical  consequence.  If  a 
sheet  of  dielectric  is  put  between  two  different  mediums  and  has  a  dielec- 
tric constant  that  is  the  geometric  mean  of  those  of  the  two  mediums,  the 
reflection  coefficients  for  both  entering  and  emerging  waves  will  be  equal 
both  in  magnitude  and  in  sign.  This  is  discussed  in  detail  at  the  end  of 
Sec.  12-5.  Under  such  circumstances,  zero  reflection  will  again  be 
obtained  if  the  sheet  has  a  thickness  of  a  quarter  wavelength  or  some  odd 
multiple  of  that  thickness. 

The  double-wall  construction  can  have  greater  mechanical  strength 
than  a  single  sheet,  and  the  space  between  the  walls  can  be  used  as  a  duct 
for  hot  air  in  order  to  prevent  the  formation  of  ice  on  the  radome.  A  dis- 
advantage, however,  is  that  a  large  number  of  spacers  is  required  to  main- 
tain the  spacing  within  tolerable  limits;  such  spacers  are  likely  to  distort 
the  pattern. 

When  the  space  between  two  sheets  is  filled  with  a  core  of  some  dielec- 

if/.  Sec.  13-15. 
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trie  other  than  air,  the  reflection  coefficients  at  the  surfaces  of  the  core 
are  no  longer  either  in  the  same  phase  or  in  exactly  the  opposite  phase. 
The  latter  condition  is  rapidly  approached,  however,  as  cores  of  increasing 
dielectric  constant  are  used.  The  spacing  for  minimum  reflection  will 
rapidly  increase  and  approach  an  integral  multiple  of  a  half  wavelength. 
The  sandwich  becomes  a  half-wavelength  sheet  slightly  modified  by  the 
presence  of  the  thin  skins. 

When  the  skins  that  are  to  be  used  have  an  electrical  thickness  that 
is  appreciable  compared  with  a  half  wavelength,  the  problem  is  more 
complicated:  The  thickness  of  the  sheets  also  contributes  to  the  relative 
displacement  in  phase.  The  theory  of  such  sandwich  or  double-wall 
construction  is  developed  in  Sec.  12-0.  The  general  result  is  that  when 
the  sandwich  or  double-wall  is  symmetrical,  i.e.,  has  skins  of  the  same 
material  and  thickness,  there  is  a  set  of  values  for  the  thickness  of  the 
core  that  will  reduce  the  reflection  to  zero.  These  values  differ  by  one 
half  wavelength  in  the  material  of  the  core. 

A  great  improvement  in  mechanical  properties  is  obtained  when  the 
air  space  of  the  double-  wall  construction  is  replaced  by  a  core  of  material 
that  has  a  low  dielectric  constant  (say,  less  than  1.7e0)  and  low  density 
(6  to  20  lb/ft3),  while  material  of  high  strength  and  density  is  used  in  the 
faces  or  skins.  With  this  type  of  construction,  high  ratios  of  strength  to 
weight  and  of  stiffness  to  weight  are  obtained  for  any  desired  electrical 
performance;  this  is  especially  important  for  airborne  radomes.  Dis- 
tortion of  the  pattern  is  not  likely  to  arise  except  where  excessive  variation 
in  the  dimensions  of  the  sandwich  wall  occurs  in  a  distance  that  is  a 
wavelength  or  less. 

The  sandwich  with  high-density  faces  and  low-density  core  is  not  the 
only  one  electrically  possible;  there  are  other  arrangements  that  are  not 
so  satisfactory  from  the  standpoints  of  strength/weight  and  stiffness/ 
weight  ratios  but  may  be  preferable  electrically  under  some  circumstances. 

The  general  expression  for  the  thickness  of  the  core  of  a  lossless  sym- 
metrical radome  that  will  have  a  power-reflection  coefficient  of  zero  for 
normal  incidence  [see  Eqs.  (12-102)  and  (12-100)  of  Sec.  12-6]  is 
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where  N  =  integer,  the  order  of  the  sandwich, 

(dc)jNr  =  thickness  of  the  core  of  the  sandwich  of  order  N, 
X0  =  free-space  wavelength, 

ac  =  specific    dielectric    constant    of    the    core    material  =  ec/€0, 
afl  =  specific  dielectric  constant  of  the  skin  material  =  etf/eo, 
0,  =  2ir  X  electrical  thickness  of  the  skin  [cf.  Eq.  (2)]. 
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If  the  actual  thickness  of  the  core  deviates  from  the  optimum  by  an 
amount  Adc,  the  power-reflection  coefficient  [see  Eq.  (12-103)]  is  given  by 


4|p|2  sin2 


in  which 


-  |p|2)2  +  4|p|2  sin2 
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In  Eq.  (20),  |pj  is  the  absolute  value  of  amplitude-reflection  coefficient  for 
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FIG.  10-8. — Chart  for  computation  of  reflection  of  symmetrical  sandwiches. 

a  wave  incident  on  the  skin  from  the  core  (or  on  the  core  from  the  skin). 
It  has  a  value  [see  Eq.  (12-101)]  given  by 

I0|2    =      _f — — —  •  (21) 

a,(V«c  +  I)2  -  («.  -  l)(a«  -  a.)  sin2  </>c 

In  Fig.  10-8,  \R\  is  plotted  against  Mc  \/^Ao  for  different  values  of 
|p|.  It  is  seen  that  when  |p|  is  small,  large  changes  in  core  thickness  result 
in  relatively  small  variations  in  reflection  of  the  sandwich;  when  |p|  is 
large,  the  variations  in  reflection  will  be  large. 

In  Sec.  12-6  it  is  shown  that  the  minimum  value  for  the  power-reflec- 
tion coefficient  cannot  be  zero  if  the  two  skins  of  the  sandwich  have  dif- 
ferent thicknesses.  Such  unsymmetrical  sandwiches,  however,  may 
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sometimes  be  desirable  for  structural  reasons.  Even  with  the  asymmetry 
the  minimum  values  of  \R\Z  can  be  quite  small  if  |pi|  and  |p2|  do  not  differ 
greatly.  It  is  also  shown  in  Section  12-6  that  in  such  a  case  the  optimum 
value  for  the  thickness  of  the  core  is  the  average  of  the  two  values  that 
would  be  appropriate  for  symmetrical  sandwiches  having  the  two  thick- 
nesses of  the  skin  of  the  actual  unsymmetrical  sandwich. 

10-5.  Electrical  Design  of  Normal-incidence  Double-wall  Radomes. — 
So  far  we  have  been  considering  the  general  electrical  properties  of  the 


Approximate  formula 
dc  =  l 
Ao   4         \0 


0.02  0.04  0.06  0.08  0.10  0,12  0.14   0.16    0.18  0.20  0.22   0.24 
Thickness  of  sheet/wavelength  in  sheet,  ^V^/X0 

Fio.    10-9. — Optimum   .spacing    between   walls    for    a   symmetrical    double-wall    normal- 
incidence  radome. 

lossless  sandwich  construction  at  normal  incidence.  Let  us  now  consider- 
in  detail  some  special  results  that  apply  to  the  design  of  double-wall 
radomes,1  restricting  ourselves  to  a  discussion  of  the  symmetrical  double- 
wall  construction  with  lossless  sheets.  The  thickness  of  the  inner  and 
outer  walls  is  denoted  by  ds;  the  dielectric  constant  of  the  sheets,  by 
aa€0;  and  atc  is  equal  to  unity.  The  separation  between  the  sheets  is 
given  by  dc,  and  the  free-space  wavelength  of  the  radiation  is  X0.  If 

1  R.  M.  Redheffer,  "Electrical  Properties  of  Double-wall  and  Standard  Radomes," 
RL  Report  No.  483-11,  February  1944.  J.  B.  Birks,  "Dielectric  Transmission  and 
Scanner  Nacelle  Design,"  TRE  Report  No.  T1677,  and  "Dielectric  Transmission  and 
Scanner  Nacelle  Design,"  Part  2,  TRE  Report  No.  T1769,  December  1944. 
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(dc)N  is  the  spacing  for  zero  reflection,  Eq.  (12-102)  becomes 


(22) 

T  <*«  AO 

where  JV  is  a  positive  integer  as  before.  The  quantity  (rfc)jv  is  plotted 
against  da  \/as/Xo  for  the  first-order  spacing  (N  =  1)  in  Fig.  10-9  for 
values  of  «fl  from  1  to  10;  the  curves  are  plotted  for  a  range  of  values  of 
(tfr)iAo  and  ds  \Xas/Xo  from  zero  to  0.25.  These  curves  can  be  used  to 
cover  all  values  of  spacing  and  thickness  of  the  walls  if  we  use,  instead  of 
the  actual  values  of  (dc  )  i/X0  and  da  V^Ao,  the  differences  between  each 
quantity  and  the  nearest  half-integer. 

It  is  seen  that  if  the  walls  of  a  double-wall  radome  have  a  very  small 
value  of  electrical  thickness  ds  \Xafl/X0,  the  spacing  is  equal  to  X0/4.  In 
general,  the  first-order  spacing  lies  between  this  value  and  zero.  (A  wall 
of  quarter-wavelength  thickness  would  require  zero  spacing,  becoming  a 
half-wavelength  panel.)  An  approximate  formula  for  the  optimum  first- 
order  spacing  is  given  by 


Since  it  is  impossible  to  manufacture  double-wall  radomes  with  exactly 
the  spacing  given  by  Eq.  (22),  we  have  to  determine  the  spacing  tolerance 
Adc  corresponding  to  a  specified  value  of  power-reflection  coefficient 
\R  |2  for  a  plane  wave  normally  incident  on  a  plane  double-wall  arrange- 
ment. The  power-reflection  coefficient  of  each  wall  can  be  determined 
by  means  of  Eq.  (21)  or,  more  easily,  by  using  Fig.  10-2.  With  the  value 
of  |p|2  thus  obtained,  the  power-reflection  coefficient  of  the  double-  wall 
arrangement  with  spacing  dc  ±  Adc  is  obtained  from  Fig.  10-8.  If  the 
amplitude-reflection  coefficient  |p|  of  a  skin  of  a  symmetrical  double-wall 
arrangement  is  less  than  0.25,  the  amplitude-reflection  coefficient  of  the 
whole  arrangement  is  given  approximately 


\o 
derived  from  Eq.  (20). 

10-6.  Electrical  Design  of  Normal  -incidence  Sandwich  Radomes.  — 

Three  types  of  construction  have  been  used  or  considered  for  sandwich 
radomes.  The  most  important  type  has  thin  skins  of  high-strength 
material  separated  either  by  a  core  of  "expanded"  or  "foam"  plastic 
or  by  some  cellular  construction.  As  remarked  in  Sec.  10-4,  the  low- 
density  core  makes  it  possible  to  construct  a  light  radome  that  has  satis- 
factory strength  and  stiffness.  The  dielectric  constant  of  the  skins 
ranges  usually  from  about  3eo  to  4.5€0,  while  the  dielectric  constant  of  the 
core  ranges  from  1  .  le(l  to  1  .7eo.  For  the  wavelength  range  from  1  to  10  cm  , 
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the  electrical  thickness  da  \/as/Xo  of  the  skins  of  such  normal-incidence 
radomes  is  usually  less  than  0.1.  The  discussion  in  this  section  is  devoted 
principally  to  this  type  of  sandwich  construction. 

The  second  sandwich  construction  is  one  mentioned  briefly  in  Sec. 
10-4.  The  dielectric  constant  of  its  core  is  equal  to  the  square  of  the 
dielectric  constant  of  the  skins;  the  skins  have  an  electrical  thickness  of 
one  quarter  wavelength  and  give  zero  reflection.  There  is  therefore  no 
restriction  on  the  thickness  of  the  core.  Such  a  sandwich  can  be  con- 
structed by  using  an  expanded  dielectric  for  the  faces  and  full-density 
high-strength  material  for  the  Core.  Alternatively,  high-strength 
material  of  dielectric  constant  3e0  to  4.5eo  can  be  used  for  the  faces  and 
special  material  of  high  dielectric  constant  for  the  core.  This  type  of 
construction  has  possibilities  for  the  fabrication  of  streamlined  radomes 
but  is  of  little  practical  importance  for  normal-incidence  application. 

The  third  type  of  sandwich  construction  utilizes  a  core  of  a  full- 
density  or  nearly  full-density  thermoplastic  having  a  thickness  of  slightly 
less  than  a  half  wavelength.  Materials  that  can  be  used  include  poly- 
styrene (e/e0  =  2.56),  polymethyl  methacrylate  (e/c0  =  2.66),  and  micro- 
porous  expanded  polystyrene  obtained  by  molding  polystyrene  fibers 
(t/eo  «  2.2  for  a  specific  gravity  of  0.85).  The  flexural  strength  of  half- 
wavelength  thicknesses  of  such  materials  is  somewhat  limited,  especially 
in  the  1-cm  band.  An  appreciable  improvement  in  flexural  strength  and 
stiffness  is  obtained  by  cementing  a  single  layer  of  glass  fabric  to  each 
surface  of  the  thermoplastic  sheet,  the  thickness  of  which  is  suitably 
reduced  below  the  half-wavelength  value  so  that  the  sandwich  as  a  whole 
has  zero  reflection.  This  type  of  construction  is  of  value  chiefly  for 
streamlined  radomes. 

Symmetrical  Sandwiches  with  Cores  of  Low  Dielectric  Constant. — We 
consider  first  the  effect  of  the  dielectric  constant  of  the  core  and  the  thick- 
ness of  the  skin  on  the  optimum  core  thickness  for  a  symmetrical  lossless 
sandwich  with  skins  of  given  dielectric  constant.  Curves  that  are  plotted 
in  Fig.  10-10  show  the  ratio  of  the  core  thickness  to  free-space  wavelength 
against  the  ratio  of  skin  thickness  to  free-space  wavelength  for  values  of 
ac  from  1.0  to  2.0  and  for  a  value  of  a,  of  4.0.  They  have  been  computed 
from  Eq.  (19).  For  vanishing  skin  thickness,  the  core  thickness  in  Fig. 
10-10  is  seen  to  approach  the  half -wavelength  value  X0/2  V^,  except 
when  the  core  dielectric  constant  is  equal  to  unity,  in  which  case  the  core 
thickness  approaches  the  quarter-wavelength  value  X0/4  \Xac.  Thus, 
except  when  ac  equals  unity  (double-wall  case),  a  sandwich  with  very 
thin  skins  behaves  like  a  half- wavelength  thickness  of  core  material. 
On  the  other  hand,  when  the  skins  are  relatively  thick  (say  d/\0  =  0.05), 
the  optimum  thickness  of  the  core  of  a  sandwich  is  not  markedly  affected 
by  the  dielectric  constant  of  the  core. 
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FIQ.    10-10. — Optimum    core    thickness    for    a    symmetrical    normal-incidence    sandwich 
radorne.     The  dielectric  constant  of  the  skin  is  4*o. 
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Figure  10.10  also  shows  that  when  the  skins  are  thin,  the  core  thick- 
ness for  zero  reflection  varies  critically  with  skin  thickness  and  also  with 
the  dielectric  constant  of  the  core;  the  reflection,  however,  does  not 
usually  vary  critically  with  the  core  thickness.  The  requisite  tolerances 
of  spacing  are  therefore  not  difficult  to  maintain  in  production.  Low- 
density  foam  materials  are  variable  in  density  and  dielectric  constant,  but 
this  variability  is  not  serious  for  the  type  of  construct!  on  under  considera- 
tion. On  account  of  the  wide  tolerances,  it  is  possible  to  design  a  sandwich 
construction  that  is  nearly  a  first-order  sandwich  at  a  given  wavelength 
and,  at  the  same  time,  a  second-  or  higher-order  sandwich  at  some  shorter 
wavelength. 

In  Figs.  10-11  and  10-12  electrical  core  thickness  dc  -\/ac/\o  is  plotted 
against  electrical  skin  thickness  ds  \/as/\o  for  values  of  aa  of  3  and  5, 
respectively.  The  core  spacing  for  zero  reflection  at  normal  incidence 
for  any  given  skin  thickness  can  be  obtained  by  interpolation  from  Figs. 
10-10  to  10-12  when  the  dielectric  constant  of  the  skin  lies  between  3e0 
and  5c0. 

When  the  skins  are  very  thin  compared  with  the  wavelength,  Eq.  (19) 
reduces  to 

(25) 


2  v«r 

Hence,  for  very  thin  skins,  we  see  that  the  difference  between  the  half- 
wavelength  thickness  and  the  actual  thickness  of  the  core  is  approxi- 
mately proportional  to  the  thickness  of  the  skins,  other  things  being  equal. 
Equation  (25)  is  equivalent  to  replacing  the  curves  of  Figs.  10-11  and 
10-12  by  the  tangent  at  the  axis  of  ordinates. 

Actual  and  Effective  Skin  Thickness.  —  So  far  we  have  considered  only 
the  skin  and  core  of  a  sandwich.  In  practice  there  is  a  third  component 
to  be  taken  into  consideration,  namely,  the  bond  between  the  skin  and 
core.  In  the  type  of  construction  so  far  considered,  in  which  the  core  is 
a  low-density  foam  material,  the  nature  of  the  bond  is  in  general  as 
indicated  in  Fig.  10-13.  Immediately  under  the  skin  of  dielectric  con- 
stant ae€o  is  found  a  layer  of  adhesive;  then  a  layer  consisting  of  core 
material,  with  the  pores  more  or  less  filled  by  cement;  and  next,  core 
material  of  dielectric  constant  acco-  Presumably,  the  behavior  of  such  a 
sandwich  would  be  different  from  one  with  the  same  skin  thickness  and 
core  thickness  but  without  cement. 

In  an  actual  sandwich  there  are  two  quantities  that  can  be  measured 
easily,  namely,  the  over-all  thickness  h  and  the  power-reflection  coef- 
ficient \R\2  at  normal  incidence.  Since  reflection  does  not  depend  very 
much  upon  the  loss  tangents  of  the  skin  and  core  if  these  loss  tangents  are 
small,  for  any  given  skin  and  core  dielectric  constants  we  can  compute 
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the  reflection  \R\2  as  a  function  of  skin  thickness  da  and  over-all  thickness 
h.  For  example,  in  Fig.  10-14  contours  of  constant  power-reflection  coef- 
ficient (at  normal  incidence)  are  plotted  as  a  function  of  h  and  da  for  a 
skin  dielectric  constant  of  3.7e0  and  for  a  core  dielectric  constant  of  1.4c0. 
If  the  skin  thickness  of  a  sandwich  is  obtained  from  measured  values  of  h 
and  \R\ 2,  using  such  a  chart  for  the  appropriate  values  of  aa  and  ac,  it  is 
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FIG.     10-13. — Actual    and 
effective  akin  thickness. 
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FIG.  10-14.  —  Power  reflection  as  a  func- 
tion of  sandwich  thickness  (h)  and  skin 
thickness  (d«)  ;  a,  =  3.7,  ae  =  1.4. 


found  that  this  derived  skin  thickness  is  greater  than  the  physical  thick- 
ness of  skin  because  of  the  adhesive. l  When  there  is  a  heavy  glue  line  of 
adhesive  of  high  dielectric  constant  and  there  are  large  pores  in  the  core, 
the  effective  skin  thickness  da  determined  in  this  way  may  easily  be  double 
the  actual  skin  thickness  denoted  by  d(.  The  difference  ds  —  d(  =  A  may 
be  called  the  glue-line  thickness. 

Figure  10-14  shows,  however,  that  neglect  of  the  effect  of  adhesive 
should  not  result  in  more  than  a  small  reflection  by  a  sandwich  designed 
to  have  zero  reflection  at  normal  incidence. 

1  E.  R.  Steele,  "Some  Electrical  Aspects  of  Microwave  Sandwich  Radome  Design," 
KL  Report  No.  483-16,  May  1945. 
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Where  the  reflection  at  normal  incidence  has  to  be  held  closely  to 
zero  or  any  other  special  value,  it  is  necessary  to  estimate  the  value  of 
d'a  for  the  combination  of  materials  and  the  technique  of  fabrication  to 
be  used.  This  is  best  done  by  fabricating  a  sandwich  with  the  proposed 
construction  but  with  its  over-all  thickness  in  the  region  where  \R\2  varies 
most  critically  with  da,  that  is,  in  the  region  where  the  reflection  contours 
are  approximately  vertical.  For  aa  =  3.7,  ac  =  1.4,  and 

£  =  0.04, 

AO 

Fig.  10-14  shows  that  A/X0  should  be  about  0.45  in  order  to  get  the  most 
accurate  determination  of  the  effective  skin  thickness  from  measurements 
of  \R\Z  and  h. 

It  is  apparent  from  Fig.  10*14  that  if  the  electrical  thickness  of  the 
skin  da  \/as/\0  is  small  at  any  particular  wavelength  X0|  then  the  core 
thickness  may  have  values  very  much  less  than  that  corresponding  to 
zero  reflection,  without  resulting  in  very  much  reflection  of  the  sandwich. 
This  core  thickness  may  correspond  to  zero  reflection  at  some  shorter 
wavelength.  This  has  a  practical  consequence,  as  shown  by  the  following- 
example .  If  a  first-order  sandwich  radome  that  is  constructed  with 
moderately  thick  skins  and  the  correct  core  thickness  for  the  3-cm  wave- 
length is  used  at  10  cm,  say,  the  skins  are  much  thinner  electrically. 
If  |p |  is  small  at  the  longer  wavelength,  the  reflection  of  the  sandwich  as 
a  whole  at  the  longer  wavelength  is  likely  to  be  small.  Similar  remarks 
apply  to  a  sandwich  radome  designed  to  have  zero  reflection  at  normal 
incidence  at  a  wavelength  of  1  cm  that  is  used  in  the  3-cm  band. 

10-7.  Sandwiches  with  Low-loss  Skins  and  Cores. — The  results  for 
single  homogeneous  sheets  show  that  it  is  undesirable  to  use  materials 
with  large  values  of  loss  tangent  (0.1  or  greater)  for  microwave  radomes 
because  the  loss  in  transmission  becomes  excessive.  The  same  is  obvi- 
ously true  for  sandwiches.1  If  the  squares  of  the  loss  tangents  of  the 
materials  are  much  smaller  than  unity,  the  methods  of  calculation  in 
Sec.  10-3  can  be  used.  To  this  degree  of  approximation,  all  interface 
reflection  coefficients  are  unchanged  in  absolute  value,  but  the  phase 
shift  on  reflection  is  changed  [cf.  Eq.  (12-49)]. 

The  optimum  core  thickness  of  a  sandwich  with  low-loss  skins  and 
core  for  maximum  transmission  is  not  the  same  as  for  minimum  reflection ; 
the  thicknesses,  however,  are  almost  the  same ;  whenever  such  a  sandwich 
is  spaced  for  maximum  transmission,  the  reflection  is  very  small.  The 
core  thickness  for  maximum  transmission  of  a  low-loss  sandwich  is  not 
quite  the  same  as  for  an  equivalent  lossless  sandwich  [Eq.  (19)].  The 

1  For  a  discussion  of  sandwiches  with  low-loss  skins  and  cores,  see  Yael  Dowker. 
"Transmission  of  Lossy  Sandwiches,"  RL  Report  No.  483-22,  January  1946. 
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difference,  however,  is  slight  and  is  usually  much  less  than  the  tolerance 
in  core  thickness;  hence  Eq.  (19)  may  be  used  to  design  a  normal-incidence 
sandwich  radome  with  low-loss  skins  and  core. 

Let  the  power-transmission  coefficient  of  a  lossless  sandwich  of 
arbitrary  spacing  be  given  by  \T\l  and  the  power-transmission  coefficient 
by  \T\l  for  a  sandwich  that  is  identical  except  that  the  skins  and  core 
are  of  low-loss  materials.  In  both  cases  the  specific  dielectric  constants 
of  the  skins  and  core  will  be  taken  to  be  a5  and  ae,  respectively;  in  the 
second  case  the  loss  tangents  of  the  skins  and  core  will  be  represented 
respectively  by  tan  8a  and  tan  5C.  We  then  have  to  a  first  approximation 
[see  Eq.  (12-115)] 

^VJ1'  «  4Q.  +  2Q.f  (26) 

\1  lo 
in  which 


~         irda       cta  .        . 
Qa  =  —  r  -  tan  58, 


Qe  =       _         tan  «,. 

AO 

When  the  skins  are  thin,  the  greater  part  of  the  absorption  is  likely  to 
take  place  in  the  considerably  thicker  core.  The  thickness  of  the  core 
is  then  close  to  a  half  wavelength  in  the  material,  X0/2  \/~ac,  and  the 
fractional  absorption  2QC  equals  approximately  IT  tan  6C  [cf.  Eq.  (18)]. 

From  the  discussion  of  actual  and  effective  skin  thickness  in  Sec. 
10-6,  it  can  be  seen  that  when  the  bond  between  the  skin  and  core  is  a 
heavy  glue  line  of  cement  with  a  high  dielectric  constant,  such  as  resor- 
cinol-formaldehyde,  it  has  the  effect  of  an  additional  thickness  of  skin. 
Unless  this  additional  thickness  is  allowed  for  in  the  spacing  of  the  sand- 
wich, increased  reflection  will  result.  Even  in  extreme  cases,  however, 
the  reflected  power  is  relatively  slight  and  may  be  about  2  per  cent  of 
the  incident  power.  Nevertheless,  with  many  such  sandwich  construc- 
tions using  cold-setting  or  warm-setting  resorcinol-formaldehyde  cements, 
the  transmission  may  be  as  low  as  80  per  cent  of  the  incident  power; 
hence,  nearly  20  per  cent  of  the  incident  power  is  absorbed  in  the  sand- 
wich. From  Eq.  (26)  it  appears  that  only  a  small  part  of  this  loss  in 
transmission  can  be  attributed  to  absorption  in  the  skins  and  core;  the 
cement  must  be  the  cause  of  the  high  absorption.  Thus,  for  electrical 
reasons,  many  cements  that  are  extremely  effective  mechanically  when 
applied  in  sufficient  amount  cannot  be  used. 

On  the  other  hand,  sandwiches  bonded  with  rubber-base  cements  of 
low  loss  and  low  dielectric  constant  have  almost  zero  reflection  at  normal 
incidence  when  designed  with  optimum  spacing.  The  absorption  is  very 
small,  since  the  transmission  coefficient  of  the  sandwich  is  nearly  unity; 
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such  cements  are  thus  adequate  electrically.     These  cements,  however, 
do  not  give  an  adequate  mechanical  bond  between  the  skins  and  core. 

Techniques  that  have  been  developed  and  put  into  practice  give 
results  that  are  satisfactory  both  electrically  and  mechanically;  they 
involve  use  of  the  laminating  resin  of  the  skins  as  the  adhesive.  The 
absorption  of  sandwiches  made  by  this  technique  is  but  little  greater 
than  the  absorption  due  to  the  skins  and  core  alone,  and  the  bond  between 
the  skin  and  core  is  excellent.  These  techniques  are  described  in  Sec. 
13-6. 


CHAPTER  11 
ELECTRICAL  DESIGN  OF  STREAMLINED  RADOMES 


BY  H.  LEADERMAN,  W.  ELLIS,  AND  L.  A. 

11-1.  Introduction.  —  Chapter  10  deals  with  radomes  for  use  where  the 
radiation  falls  normally  or  nearly  normally  upon  the  radomc  wall.  These 
include  all  radomes  of  ground-based  and  shipborne  radar  sets  and  some 
airborne  radomes  as  well.  It  is  frequently  necessary,  however,  and 
almost  always  desirable  to  streamline  the  radome  of  a  radar  set  installed 
in  a  speedy  aircraft.  A  normal-incidence  design,  such  as  shown  at  F 
in  Fig.  9-5,  can  introduce  drag  that  cannot  be  tolerated.  For  this  reason, 
the  horizontal  cross  section  of  an  airborne  beacon  housing  must  be  stream- 
lined rather  than  circular,  even  though  a  very  large  lateral  lift  and  torque 
on  such  a  streamlined  beacon  housing  is  to  be  expected  in  sideslips  and 
rolls.  Streamlined  radomes  that  are  a  part  of  the  nose  of  the  fuselage, 
as  at  E  in  Fig.  9-5,  will  be  subjected  to  very  large  aerodynamic  loads 
(see  Sec.  14-1). 

The  electrical  requirements  are  somewhat  different  from  those  for  a 
normal-incidence  radome  (see  Sec.  9-5)  because  the  angle  of  incidence  of 
the  radiation  on  the  wall  of  the  streamlined  radome  may  vary  over  a 
large  range  for  any  particular  position  of  the  scanner  and  the  angle  of 
incidence  at  any  particular  point  of  the  radome  is  likely  to  change  with 
the  scan.  Usually,  it  is  not  practical  to  vary  the  wall  design  from  point 
to  point  so  that  it  can  have  the  optimum  construction  for  the  angle  of 
incidence  at  that  point  or,  with  scanning  antennas,  for  the  range  of  angles 
of  incidence.  The  problem  is  to  design  a  streamlined  radome  that  will 
have  a  wall  of  uniform  thickness  and  be  satisfactory  electrically  as  well 
as  aerodynamically  and  mechanically. 

The  range  of  angles  of  incidence  is  usually  from  close  to  0°  up  to  70° 
or  more.  The  linearly  polarized  radiation  falling  at  a  high  angle  of 
incidence  upon  the  radome  wall  may  have  its  polarization  make  any 
angle  with  the  plane  of  incidence.  Since  only  a  small  part  of  the  energy 
is  reflected  back  to  the  antenna,  it  is  no  longer  necessary  that  the  reflec- 
tion at  normal  incidence  be  reduced  to  a  small  value  for  the  purpose  of 
avoiding  pulling.  It  is  desirable,  however,  that  the  reflection  over  a 

1  The  parts  of  Sec.  11-12  that  describe  the  experimental  apparatus  and  method  are 
by  W.  Ellis;  Sec.  11-13  is  by  L.  A.  Turner;  the  major  part  of  the  chapter  is  by 
H.  Lea  derm  an. 
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large  range  of  angles  of  incidence  be  minimized  in  order  to  obtain  maxi- 
mum transmission  of  power  and  to  reduce  the  possibility  of  distortion 
of  the  pattern  by  parasitic  reflections.  This  requirement  must  usually 
be  satisfied  over  a  range  of  frequencies;  that  is,  the  radome  must  be 
broad-banded. 

The  results  for  reflection  and  transmission  of  radiation  incident  at  an 
arbitrary  angle  of  incidence  00  can  be  obtained  very  simply  from  those 
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FIQ.  11  -1. — Effective  dielectric  constants  (parallel  polarization). 

already  given  in  Chap.  10  for  waves  incident  normally.  It  is  shown  in 
Sec.  12-4  that  the  expression  for  the  reflection  coefficient  for  normal 
incidence  can  be  used,  provided  that  in  place  of  the  ratios  of  indices  of 
refraction  or  specific  dielectric  constants  there  be  substituted  equivalent 
or  fictitious  values  that  depend  on  the  angle  of  incidence.  For  parallel 
polarized  waves  (electric  vector  in  the  plane  of  incidence)  the  effective 
dielectric  constant  to  be  used,  represented  by  €pd,  is  given  by 


Co 


(1) 


cos2  So 
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[see  Eq.  (12-436)].  The  ratio  €pe/€Q  is  to  be  used  for  a  wave  incident  at 
angle  0o  in  place  of  the  ratio  of  the  actual  dielectric  constants  of  the  two 
mediums,  ez,/ea.  Similarly,  the  appropriate  value  to  be  used  for  per- 
pendicularly polarized  radiation  (electric  vector  perpendicular  to  the 
plane  of  incidence)  is 


60 


COS2  0o 


(2) 


[see  Eq.  (12-446)].     Figures  11-1  and  11-2  show  6p0/eo  and  eae/co  as  a  func- 
tion of  0o  for  different  values  of  tb/ea.     Figure  11-3  shows  the  amplitudc- 
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FIQ.  11-2. — Effective  dielectric  constants  (perpendicular  polarization). 

reflection  coefficient  as  a  function  of  the  effective  dielectric  constant.  It- 
is  computed  from  Eq.  (12-39)  and  is  of  aid  in  making  further  computations. 
If  either  €PO/€Q  or  e«e/eo  becomes  equal  to  1,  the  reflection  coefficient 
for  the  correspondingly  polarized  radiation  at  the  interface  will  become 
equal  to  zero  [cf.  Eqs.  (12-390)  and  (12-396)].  It  is  apparent  from  Eq. 
(2)  and  Fig.  11-2  that  there  is  no  angle  for  which  VC^/CQ  =  1  if  6b/€o  >  1 ; 
there  is,  therefore,  no  angle  of  incidence  for  which  the  reflection  of  per- 
pendicularly polarized  radiation  at  the  surface  of  a  sheet  of  material  in 
air  drops  to  zero.  If  we  set  epe/fo  =  1,  however,  a  value  for  0  that  is 
designated  as  0a,  is  given  by 
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tan  0B  =  .  - 


or 


=  tan-'  . 


(3) 


This  familiar  result  is  known  as  Brewster 's  law,  and  0B  is  known  as  the 
Brewster  angle.  Parallel  polarized  radiation  incident  at  angle  6B  is  not 
reflected  at  all. 

Comparison  of  the  variation  of  the  power-reflection  coefficient  for 
parallel  polarized  radiation  |r(//IJ)a>,|2  with  that  for  perpendicularly  polar- 
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FIG.  11-3. — Amplitude-reflection  coefficients. 
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ized  radiation  [r^otl2  as  6  varies  from  0°  to  90°  is  instructive.  Where 
n*  =  VWco  is  real  and  n*  =  1  (air),  both  r(Hp)ab  and  r(EH)ab  are  real  and 
there  is  no  longer  any  distinction  between  the  squares  of  the  absolute 
magnitudes  and  the  squares  of  the  quantities  themselves.  The  quantity 

|f(tfp)a&|2  starts  at  I-  *b'€° j   for  B  =  0,  drops  to  zero  for 

\vW«o  +  i/ 

0B  =  tan~l  <. /-  (Brewster  angle), 

\€(» 

and  then  increases  rapidly  to  a  value  of  unity  for  0  =  90°.     The  quantity 
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begins  at  (  — . )  ,  rises  slowly  at  first,  and  then  ri 

\VW«o  +  I/ 


rises  more 


rapidly  to  unity  for  6  =  90°.  Curves  for  e&/e0  =  4  are  plotted  in  Fig. 
11-4.  They  are  typical.  Tt  is  apparent  that  for  all  angles  of  incidence, 
parallel-polarized  radiation  is  reflected  to  a  lesser  degree  than  is  per- 
pendicularly polarized  radiation. 
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KIG.  11-4. —  Reflection  at  oblique  incidence. 
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The  design  of  a  streamlined  radome  depends,  therefore,  upon  the 
plane  of  polarization  of  the  radiation  that  is  to  be  incident  on  the  wall. 
Because  perpendicularly  polarized  radiation  is  always  reflected  more 
than  parallel-polarized  radiation,  it  is  more  difficult  to  design  a  radome 
that  will  give  good  transmission  of  perpendicularly  polarized  waves 
over  a  wide  range  of  angles  of  incidence.  For  the  sandwich  construction 
with  low-density  core  poorer  electrical  behavior  is  obtained  with  thicker 
skins,  skins  of  higher  dielectric  constant,  and  higher-order  spacing,  i.e., 
with  all  the  features  of  design  that  lead  to  better  mechanical  properties. 
If  satisfactory  transmission  of  perpendicularly  polarized  radiation  is  to  be 
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obtained,  a  streamlined  sandwich  radome  must  be  designed  with  not  too 
great  a  factor  of  safety  for  strength.  When  the  radiation  is  parallel 
polarized,  the  design  for  normal  incidence  is  often  satisfactory  up  to 
fairly  high  angles;  extremely  good  transmission  is  frequently  obtained 
from  0°  up  to  high  angles  with  single-wall  radomes  having  the  thickness  of 
approximately  a  full  wavelength  and  with  sandwiches  of  modified 
second-order  spacing. 

Actually,  the  polarization  of  the  wave  may  be  complex,  or  it  may  be 
plane,  with  the  plane  of  polarization  making  an  arbitrary  angle  with  the 
plane  of  incidence.  In  either  case,  the  radiation  can  be  analyzed  into 
parallel-  and  perpendicularly  polarized  components  to  be  treated  sepa- 
rately. It  must  be  remembered,  however,  that  they  will  not  necessarily 
remain  completely  separate  in  a  radar.  When  the  plane  of  polarization 
makes  an  arbitrary  angle  with  the  plane  of  incidence,  components  of 
both  polarizations  will  be  emitted  and  returned  as  echoes,  to  be  recom- 
bined  by  the  receiving  antenna.  The  targets  may  have  depolarizing 
properties,  giving  echoes  polarized  in  the  plane  at  right  angles  to  that  of 
the  transmitted  wave.  Furthermore,  a  relative  displacement  of  phase 
of  the  two  components  may  be  produced  in  the  radome  (see  Sec.  11-13). 

In  dealing  with  sheets  of  material  of  finite  thickness,  it  is  also  necessary 
to  take  account  of  the  change  of  electrical  thickness  that  results  from 
change  of  the  angle  of  incidence.  In  Sec.  12-5,  it  is  shown  that  the  general 
expression  for  0,  which  is  2?r  times  the  electrical  thickness,  is 


2rd      It 

=  -^—  A/ 
*o     \  e< 


(4) 


in  a  medium  having  a  real  dielectric  constant  e'and  a  thickness  d  [cf.  Eq. 
(12-716)].  The  angle  00  is  the  angle  of  incidence  of  an  incident  wave 
assumed  to  be  in  a  medium  for  which  e'/eo  =  1  and  X0  is  the  wavelength 
in  that  medium.  Equation  (4)  shows  that  the  effective  thickness  of  a 
sheet  decreases  with  increasing  angle  of  incidence. 

For  low-loss  material,  the  factor  A  that  expresses  the  decrease  of 
amplitude  of  the  wave  as  it  travels  once  through  the  sheet  [cf.  Eq. 
(12-71a)]  becomes 


— 

A  =  e         *«  (5) 

From  this  it  appears  that  the  attenuation  becomes  greater  with  increasing 
angle  of  incidence. 

The  behavior  of  sheets  and  sandwiches  with  respect  to  waves  incident 
at  an  arbitrary  angle  can  now  be  deduced  if  the  quantities  calculated 
from  Eqs.  (1),  (2),  (4),  and  (5)  are  used  in  the  various  expressions  of 
Chap.  10,  applied  there  to  waves  that  are  incident  normally. 
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Fio.  11-5. — Contours  of  constant  power  reflection  (perpendicular  polarization,  dielectric 

constant  =  2.7eo). 

11-2.  Plane  Lossless  Sheets,  Arbitrary  Incidence. — At  normal  inci- 
dence, the  reflection  of  a  low-loss  sheet  is  almost  the  same  as  that  of  an 
equivalent  lossless  sheet,  but  the  transmission  is  less;  the  same  is  true  for 
arbitrary  incidence.  As  with  normal  incidence,  the  first  problem  is  to 
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Panel  thickness/free  space  wavelength,  d/\0 
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-s  of  constant  power  reflection   (parallel  polarization,  dielectric  con- 
stant -  2.7eo). 

find  how  transmission  loss  due  to  reflection  can  be  minimized;  the 
additional  transmission  loss  due  to  absorption  by  low-loss  materials  can 
be  considered  later. 

First,  it  is  desirable  to  examine  the  reflection  of  plane  sheets  of  arbi- 
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trary  thickness  over  the  range  of  angles  of  incidence  from  0°  to  90°  for 
both  polarizations.  It  is  useful  to  plot  the  panel  thickness  against  the 
angle  of  incidence  for  various  percentages  of  reflected  power1  for  every 
value  of  the  dielectric  constant  that  is  of  interest.  Figures  11-5  and  117 
show  such  reflection  contours  for  materials  of  dielectric  constant  2.7e0  and 
lOeu,  respectively.2  These  are  for  perpendicular  polarization.  Figures 
11-6  and  11-8  present  the  corresponding  results  for  parallel  polarization. 


0.35i 


10 


20 


70 


80 


90 


30          40          59         60 
Angle  of  incidence  in  degrees 
Fio.  11-7. — Contours  of  constant  power  reflection  (perpendicular  polarization,  dielectric 

constant  =  lOco). 

The  charts  can  be  computed  from  those  previously  given.  The 
equivalent  dielectric  constants  for  different  angles  of  incidence  can  be 
obtained  from  Figs.  11-1  and  11-2  (pages  287  and  288),  and  the  correspond- 
ing values  of  the  interface  reflection  coefficient  r,  taken  from  Fig.  11-3  (page 
289).  Figure  10-8  (page  275)  can  now  be  used  to  find  the  electrical 
thickness  corresponding  to  any  such  values  of  r  and  \R \2  that  are  of  inter- 

1J.  B.  Birks,  "Dielectric  Transmission  and  Scanner  Nacelle  Design,"  TRE 
Report  No.  T1677. 

2  For  such  contour  charts  covering  a  range  of  dielectric  constants  1.2«o  to  lOeo 
see  E.  M.  Everhart,  "Radome  Wall  Reflections  at  Variable  Angles  of  Incidence,"  RL 
Report  No.  483-20,  January  1946. 
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est.  The  value  of  r  for  the  interface  here  plays  the  same  role  as  does 
\p\  for  the  half  sandwich  in  the  computations  for  which  Fig.  10-8  was 
devised  while  the  abscissa  scale  gives  values  of  <t>/2ir  from  which  d  may  be 
computed  [Eq.  (4)].  The  values  of  the  electrical  thickness  thus  obtained 
are  correct  in  the  neighborhood  of  zero  thickness,  so  the  corresponding 
contours  are  called  "zero-order  contours."  Formally,  they  can  be 
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FIQ.   11-8. — Contours  of  constant  power  reflection   (parallel  polarization,  dielectric  con- 
stant =  lOeo). 

extended  to  negative  values  of  d  with  symmetry  about  the  axis  for  d  =  0; 
these  hypothetical  negative  branches  are  of  help  in  developing  the  charts 
further.  The  first-order  contours  are  obtained  from  those  of  zero  order  by 
adding  to  every  ordinate  the  appropriate  value  of  the  thickness  of  what  is 

called  the  modified  half -wavelength  panel >  derived  from 

2  Ve'Ao  -  sin2  00 

Eq.  (4).  It  is  the  thickness  of  the  sheet  that  gives  the  value  of  TT  to  the 
angle  </>  of  Eq.  (4)  to  be  used  in  Eq.  (10-1)  and,  therefore,  zero  reflection  of 
radiation  incident  at  angle  00.  For  second-order  contours  twice  this 
thickness  is  to  be  added,  and  so  on  for  higher  orders. 

While  the  contour  charts  of  reflection  (Figs.  11-5  to  11-8  inclusive) 
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are  seen  to  be  basically  similar,  characteristic  differences  will  be  noted. 
For  parallel  polarization,  the  reflection  goes  to  zero  for  the  Brewstcr 
angle  tan~l  V'c'Ao-  Its  values  are  58.6°  and  72.4°  for  e'/eo  =  2.7  and 
10,  respectively.  From  the  information  presented  in  charts  of  this 
nature,  design  procedures  for  streamlined  radomes  consisting  of  a  single 
homogeneous  low-loss  dielectric  sheet  can  now  be  developed. 

11-3.  Lossless    Panels    at    Perpendicular    Polarization.    Panels    of 
Approximate  Half -wavelength  Thickness. — Figure  11-9  shows  the  reflection 
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FIG.  11-9.— Power  reflection  of  plane  panels  (perpendicular  polarization). 
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coefficient  \R\2  as  a  function  of  the  angle  of  inc-idenc-e  for  plane  panels  of 
dielectric  constant  4e0  and  of  approximate  half -wavelength  thickness;  the 
polarization  is  perpendicular  to  the  plane  of  incidence.  Since  e'  =  4€0, 
the  index  of  refraction  equals  2  and  the  wavelength  in  the  panel  is  half 
that  in  air.  The  thickness  of  the  half -wavelength  panel  is  thus  0.25X0. 
For  this  panel  the  reflection  first  increases  slowly  with  angle  of  incidence; 
at  30°  incidence  it  is  still  small  (less  than  1  per  cent  in  power),  but  it 
begins  to  increase  rapidly  thereafter  and  is  large  at  60°  incidence  (20  per 
cent  in  power). 

If  next  we  consider  the  reflection  from  a  panel  that  is  4  per  cent  thicker 
than  the  previous  one  (d  =  0.26X0),  we  find  that  the  reflection  at  normal 
incidence  is  1  per  cent  in  power.  The  reflection  falls  slowly  with  increase 
of  angle  of  incidence  and  is  zero  at  33°  incidence ;  thereafter  it  rises  rapidly. 
We  note  that  for  this  thicker  panel  the  reflection  is  the  same  at  45° 
incidence  as  at  0°  incidence  and  conclude  that  to  minimize  reflection  loss 
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at  perpendicular  polarization  over  a  range  of  angles  of  incidence  from 
0°  to  45°  with  a  panel  of  dielectric  constant  4c0,  we  use  a  panel  of  such 
thickness  that  reflection  is  zero  at  33°  incidence.  The  maximum  reflec- 
tion over  the  range  is  1  per  cent  in  power. 

Similarly,  to  minimize  reflection  loss  over  a  range  of  angles  of  incidence 
from  0°  to  ()3°  we  choose  a  panel  whose  thickness  d  is  8  per  cent  greater 
than  the  half -wavelength  thickness  (d  =  0.27X0).  The  maximum  reflec- 
tion over  the  range  of  angles  of  incidence  is  now  3  per  cent  in  power,  and 
the  reflection  of  the  panel  is  zero  for  50°  incidence.  For  a  thickness  that  is 
12  per  cent  greater  than  the  half-wavelength  thickness  (d  =  0.28X0)  the 
reflection  is  less  than  7  per  cent  in  power  over  a  range  of  angles  of  inci- 
dence from  0°  to  77°.  We  see  from  Fig.  11-9  that  for  a  thickness  less  than 
the  half-wavelength  thickness  (for  example,  d  =  0.24X0),  the  reflection  is 

TAHLE    11 -1. — OPTIMUM  THICKNESSES  AND  MAXIMUM  POWER-REFLECTION  COEFFI- 
CIENTS OF  PLANK  PANELS  AT  PEHPKNDICULAR  POLARIZATION 


Dielectric 
con  stunt,  e 

Range  of  angles 
of  incidence, 
degrees 

Ratio  of  optimum 
thickness  to 
full-wavelength 
thickness 

Maximum  power-reflection 
coefficient  |/£|2  corresponding 
to  optimum  thicknews  and 
range  of  angles  of  incidence 

0-40 

0  535 

0.006 

0-60 

0.590 

0.032 

2c0 

0-70 

0.630 

0.058 

0-80 

0.672 

0.084 

20-00 

0.594 

0.032 

'10  80 

0.673 

0.062 

0-40 

0.516 

0.006 

0-60 

0  .  536 

0.026 

4en 

0-70 

0.551 

0.048 

0-80 

0.565 

0  084 

20-60 

0.538 

0.023 

40-80 

0.566 

0.053 

greater  than  for  the  half-wavelength  panel.  This  is  obviously  true  for  all 
values  of  the  dielectric  constant,  since  a  modified  half- wavelength  panel 
is  always  thicker  than  a  true  half- wavelength  panel  [see  Eq.  (4)].  For 
6  >  0  the  radical  is  less  than  Ve'Ao,  so  d  must  be  increased  to  get  <£  =  TT. 

We  will  assume  that  the  optimum  wall  thickness  for  a  radome  is  one  in 
which  the  greatest  reflection  for  any  angle  in  a  given  range  of  angles  oj 
incidence  is  reduced  to  a  minimum  value  by  suitable  choice  of  wall  thickness. 
We  shall  refer  to  this  value  of  reflection  as  the  minimized  maximum, 
reflection;  other  things  being  equal,  the  construction  with  the  lowest 
minimized  maximum  reflection  is  likely  to  be  the  preferred  one. 

Table  11-1  gives  the  optimum  panel  thickness  in  terms  of  the  half- 
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wavelength  thickness  and  the  corresponding  values  of  the  maximum 
power-reflection  coefficient  for  e  equal  to  2e0  and  4e0,  respectively.1 
Comparison  of  the  first  four  entries  in  each  section  of  the  above  table 
shows  that  increase  in  the  range  of  angle  of  incidence  increases  the  maxi- 
mum power  lost  by  reflection.  When  the  first  entry  is  compared  with 
the  last  two  entries  in  each  section  of  the  table,  it  is  seen  that  the  maxi- 
mum reflection  loss  increases  as  a  given  range  of  angles  of  incidence  is 
moved  toward  higher  angles  of  incidence. 

Results  for  the  behavior  of  homogeneous  plane  sheets  at  perpendicular 
polarization  can  be  summarized  as  follows  : 

1.  The  reflection  of  a  sheet  that  is  a  half  wavelength  thick 

d  = 


(d 

V 


is  small  up  to  about  30°  incidence  but  increaKes  fairly  rapidly 
thereafter.  __ 

2.  The  reflection  of  a  full-  wavelength  sheet  (d  =  A0/vV/eo)  increases 
more  rapidly  with  angle  of  incidence  than  the  reflection  of  a  half- 
wavelength  sheet. 

3.  In  order  to  minimize  reflection  loss  over  a  given  range  of  angles  of 
incidence,  the  thickness  should  be  somewhat  greater  than  the  half- 
wavelength  thickness.     With  increasing  angle  of  incidence,  the 
reflection  falls  gradually  from  its  value  at  the  lower  end  of  the 
range  of  angles  of  incidence,  becomes  zero,  and  then  rises  rapidly 
to  its  initial  value  at  the  upper  end  of  the  range.     The  angle  of 
incidence  corresponding  to  zero  reflection  lies  nearer  to  the  upper 
end  of  the  range  of  angles  of  incidence  than  to  the  lower  end. 

4.  The  minimized  maximum  value  of  reflection  loss  depends  upon  the 
range  of  angles  of  incidence,  being  greater  with  greater  range  of 
angle. 

5.  The  minimized  maximum  value  of  reflection  loss  for  a  given  range 
of  angles  of  incidence  increases  with  the  number  of  half-wave- 
lengths in  the  sheet.     This  effect  is  less  important  with  materials 
of  higher  dielectric  constant.     If  c'  =  10e0,  as  in  Fig.  11-7,  a  thick- 
ness that  is  a  little  greater  than  Xo/V^/co  can  be  used. 

Tolerances  for  Modified  Half  -wavelength  Panels.  —  It  appears  from 
Table  11-1  that  if  the  thickness  of  a  panel  (or  radome)  is  held  exactly  to  a 
specified  thickness,  the  reflection  loss  can  be  kept  to  a  small  value  over 
the  whole  range  of  angles  of  incidence,  even  if  the  range  of  angles  of 
incidence  at  perpendicular  polarization  is  large.  We  know  that  in  prac- 

1  R.  M.  Redheffer,  "Reflection  and  Transmission  of  Single  Plane  Sheets,"  RL  Re- 
port No.  483-4,  July  1944. 
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tice,  however,  the  wall  thickness  of  a  radome  cannot  be  held  exactly  at  a 
specified  value;  only  by  consideration  of  tolerances  can  the  practical 
worth  of  any  type  of  construction  be  evaluated. 

As  a  basis  for  computing  tolerances,  assume  that  the  power-reflection 
loss  is  to  be  less  than  10  per  cent  over  a  range  of  angles  of  incidence  from 
0°  to  70°.  From  a  chart  giving  power-reflection  contours  for  each  dielec- 
tric constant,  we  can  immediately  obtain  the  range  in  allowable  wall 
thicknesses  and  the  tolerances  consistent  with  this  assumed  maximum 
reflection  of  10  per  cent.  The  upper  and  lower  limits  of  panel  thickness 
di/Xo,  A/Ao  and  the  tolerances  ±  (d\  —  dz)/2\Q)  expressed  in  terms  of  the 
free-space  wavelength,  are  given  for  several  values  of  dielectric  constant 
in  Table  11-2.  It  is  seen  that  the  tolerances  are  smallest  at  about  the 

TABLE  11-2. — PANKL  TUICKNKSSKS  AND  TOLERANCES  FOR  LESS  THAN  10  PER  CENT 
REFLECTION  IN  POWER,  INCIDENCE  RANGK  0°-70°,  PERPENDICULAR  POLARIZATION 


6 

di 

<*, 

di  -  d, 

eo 

Xo 

Xo 

2\0 

1.7 

0.587 

0.505 

0.041 

2.2 

0.444 

0  407 

O.OJ9 

3.7 

0.290 

0  288 

0.001 

10.0 

0.169 

0.160 

0.005 

10.0 

0.327* 

0.326* 

0.0005* 

*  Second  order. 

middle  of  the  range  of  dielectric  constant.  Because  the  materials  in  this 
range  are  usually  the  easiest  to  control,  both  as  to  thickness  and  dielectric 
constant,1  it  is  possible  to  construct  panels  and  radome  walls  of  approxi- 
mate half-wavelength  thickness  to  have  less  than  10  per  cent  reflection 
in  power  at  perpendicular  polarization  over  the  range  of  angles  of  inci- 
dence from  0°  to  70°;  the  tolerances  are,  however,  such  as  to  require  con- 
siderable care  in  fabrication. 

Reflection  of  Panels  of  Low  Dielectric  Constant. — It  will  be  recalled  that 
a  radome  wall  can  be  designed  to  have  a  low  reflection  at  normal  incidence 
if  a  material  of  very  low  dielectric  constant  and  of  arbitrary  thickness  is 
used  for  the  wall  (Sec.  10-2).  For  example,  if  the  material  has  a  dielectric 
constant  of  1.7c0,  then  the  maximum  reflection  at  normal  incidence  is 
only  6.7  per  cent  of  the  incident  power;  this  is  often  small  enough  to  be 
unimportant,  especially  if  automatic  frequency  control,  AFC,  is  used. 
For  streamlined  radomes,  where  radiation  that  is  polarized  perpendicular 
to  the  radome  wall  is  incident  upon  it  at  a  high  angle  of  incidence,  the 
effective  dielectric  constant  becomes  large  and  very  large  reflection 
coefficients  may  result;  careful  electrical  design  is  then  required.  For 

1  For  information  concerning  the  variability  in  dielectric  constant  of  radome 
materials,  see  Sees.  13-13  and  13-14. 
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example  the  effective  dielectric  constant  ese  at  normal  incidence,  cor- 
responding to  an  angle  of  incidence  of  70°  at  perpendicular  polarization 
for  a  material  of  dielectric  constant  1.7e0,  is  7.0e0  (see  Fig.  11-2).  The 
maximum  power-reflection  coefficient  corresponding  to  this  dielectric 
constant  is  thus  0.56  [Eq.  (10-6)].  It  is  clear  that  both  the  dielectric 
constant  and  the  thickness  of  the  wall  of  a  radome  made  of  material 
having  a  low  dielectric  constant  must  be  controlled  within  close  limits  to 
avoid  excessive  reflections  at  high  angles  of  incidence.  Such  control  is 
not  often  possible  with  materials  of  low  dielectric  constant. 

Reflection  of  Thin  Panels. — A  third  method  by  which  the  reflection  loss 
of  normal-incidence  radomes  is  kept  low  is  the  use  of  a  wall  whose  thick- 
ness is  small  compared  with  the  wavelength.  Streamlined  radomes  for 
scanning  antennas  are  of  necessity  usually  large;  for  example,  for  an 
antenna  that  has  a  reflector  with  a  diameter  of  18  in.,  a  radome  about  4 
ft  long  may  be  required.  In  general,  the  aerodynamic  load  on  a  radome 
of  this  type  requires  a  strong  and  stiff  construction  such  as  is  obtained 
with  a  modified  half -wavelength  or  sandwich  construction.  On  the  other 
hand,  linear-array  antennas  for  microwave  beacons  in  high-speed  air- 
craft require  much  smaller  streamlined  housings;  it  is  mechanically 
feasible  to  make  such  housings  or  radomes  of  dielectric  materials  that  are 
thin  compared  with  the  wavelength.  The  cross  section  of  such  a  radome 
may  possibly  be  a  streamlined  section  only  about  2  in.  wide  and  8  in. 
long.  Such  beacon  antennas  must  radiate  in  all  directions  in  the  azi- 
muthal  plane  with  the  greatest  uniformity  possible;  a  poor  streamlined 
housing  can  distort  the  pattern  badly. 

If  the  radiation  from  the  linear  array  is  polarized  parallel  to  the  axis 
of  the  array,  the  radiation  falling  on  the  streamlined  housing  at  a  high 
angle  of  incidence  will  be  polarized  perpendicular  to  the  plane  of  inci- 
dence. In  Figs.  11-5  and  11-7,  it  can  be  seen  that  at  perpendicular  polari- 
zation, for  values  of  d  that  are  not  near  the  half-wavelength  thickness, 
the  reflection  increases  especially  rapidly  above  30°  incidence.  If,  for 
example,  we  assume  that  the  angle  of  incidence  at  perpendicular  polariza- 
tion varies  from  0°  to  70°  in  a  linear-array  housing  and  that  the  power- 
reflection  coefficient  must  not  exceed  0.10  for  a  material  of  dielectric 
constant  4e0,  we  find  that  d/\0  cannot  exceed  0.012  for  a  thin- wall  design. 
Thus,  if  X0  is  10  cm,  d  is  0.12  cm  or  0.047  in. ;  mechanically,  such  a  thick- 
ness might  be  satisfactory  in  some  cases.  On  the  other  hand,  if  X0  is  3  cm, 
d  becomes  0.036  cm  or  0.014  in.,  a  thickness  that  is  clearly  inadequate 
structurally.  The  solution  of  the  problem  of  designing  a  streamlined 
housing  for  a  3-cm  beacon  with  a  vertically  polarized  antenna  is  discussed 
in  Sec.  14-11. 

11-4.  Lossless  Panels  at  Parallel  Polarization.  Panels  of  Approxi- 
mate Half-wavelength  Thickness. — A  characteristic  of  parallel  polarization 
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is  that  the  reflection  of  a  panel,  irrespective  of  the  thickness,  is  always 
zero  when  the  angle  of  incidence  is  equal  to  Brewster's  angle,  tan"1  \A' '  Ao- 
At  perpendicular  polarization,  the  reflection  of  a  panel  of  half -wavelength 
thickness  increases  rapidly  with  angle  of  incidence  from  its  value  of  zero 
at  normal  incidence.  At  parallel  polarization,  however,  the  reflection 
of  such  a  panel  is  less  than  1  per  cent  for  all  angles  up  to  Brewster's  angle 
but  increases  rapidly  at  higher  angles  of  incidence.  In  Fig.  11-10  the 
amplitude-reflection  coefficient  \R\  of  a  lossless  half-wavelength  sheet  at 
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VIH.    11-10. — Aniplituclo-reflpction    ooi-fficient   of   half-wavolciiKlh   panels    (parallel    polari- 
zation). 

parallel  polarization  is  shown  for  different  values  of  the  dielectric  con- 
stant. It  is  seen  that  for  half -wavelength  thickness,  the  reflection  is 
satisfactorily  low  if  the  maximum  angle  of  incidence  is  not  much  greater 
than  Brewster's  angle.  Hence,  for  a  panel  of  half-wavelength  thickness, 
materials  of  higher  dielectric  constant  are  preferable  because  Brewster's 
angle  is  greater  for  these  materials. 

If  the  maximum  angle  of  incidence  is  appreciably  in  excess  of  Brew- 
ster's angle,  the  reflection  behavior  can  be  improved  by  making  the 
thickness  slightly  greater  than  the  half-wavelength  value.  The  reflec- 
tion at  normal  incidence  is  then  a  little  more  than  zero,  but  the  reflection 
falls  to  zero  as  the  angle  of  incidence  is  increased  to  that  given  by  Eq.  (4) 
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for  4>  =  TT.  Thereafter,  the  reflection  .rises  with  increase  of  angle  of 
incidence  and  again  falls  to  zero  at  Brewster's  angle.  For  higher  angles 
of  incidence  the  reflection  again  increases  with  angle  of  incidence,  but 
more  slowly  than  for  the  half -wavelength  panel.  This  general  behavior 
is  shown  by  Figs.  11-6  and  11-8.  Panels  of  low  or  moderate  dielectric 
constant  of  modified  half-wavelength  thickness  can  thus  be  designed  with 
low  reflections  at  parallel  polarization  over  a  wide  range  of  angles  of 
incidence  to  beyond  Brewster's  angle.  In  Table  11-3  examples  are  given 
of  values  of  optimum  thicknesses  to  minimize  the  maximum  reflection 
over  a  given  range  of  angles  of  incidence,  together  with  the  maximum 
power-reflection  coefficient  corresponding  to  the  range  of  angles  of 
incidence  and  thickness.1  A  comparison  of  Table  11-3  with  Table  11-1 
shows  that  the  minimized  maximum  reflection  for  a  given  range  of  angles 
of  incidence  is  always  lower  with  parallel  polarization  than  it  is  with 
perpendicular  polarization. 

Furthermore,  the  tolerances  for  a  design  of  a  panel  of  modified  half- 
wavelength  thickness  are,  in  general,  wider  for  a  given  requirement  when 

TABLE  11-3. — MINIMIZATION  OF  REFLECTION  AT  PARALLEL  POLARIZATION 


Dielectric 
constant 

e 

Range  of  angles  of 
incidence,  degrees 

Ratio  of  optimum 
thickness  to  full- 
wavelength  thickness 

Power-reflection 
coefficient 

0-40 

0.521 

0.002 

0-60 

0.525 

0.003 

2eo 

0-70 

0.582 

0.029 

0-80 

0.648 

0.073 

20-60 

0.541 

0.002 

40-80 

0.675 

0.013 

0-40 

0.506 

0.001 

0-60 

0.511 

0.003 

460 

0-70 

0.516 

0.006 

0-80 

0.541 

0.036 

20-60 

0.514 

0.005 

40-80 

0.559 

0.009 

the  polarization  is  parallel  to  the  plane  of  incidence.  Examples  of  the 
panel  thicknesses  and  tolerances  for  less  than  10  per  cent  reflection  of 
the  incident  energy  when  the  range  of  angles  of  incidence  is  from  0°  to 
70°,  given  in  Table  11-4,  should  be  compared  with  those  in  Table  11-2. 
Tn  the  region  of  wavelengths  where  the  modified  half-wavelength  design 
is  practicable,  the  tolerances  in  the  last  column  of  Table  11-4  are  obtain- 
able without  any  extraordinary  care  in  fabrication. 

1  R.  M.  Redheffer,  op.  cit. 
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Reflection  of  Thin  Panels. — Except  in  the  region  of  the  half-wave- 
length thickness,  the  reflection  at  parallel  polarization  of  a  plane  panel 
generally  decreases  steadily  with  increasing  angle  of  incidence  to  a  value 
of  zero  at  Brewster's  angle  and  then  increases  to  a  value  of  unity  for  the 
reflection  coefficient  at  90°  incidence.  For  a  given  dielectric  constant, 
the  reflection  of  a  plane  panel  at  a  given  angle  of  incidence  increases  with 
thickness  if  the  thickness  is  less  than  one  quarter  wavelength  in  the  panel 
(cf.  Figs.  11-0  and  11-8).  We  have  seen  that  the  use  of  a  radome  that  is 
thin  compared  with  the  wavelength  is  limited  in  practice  to  small  stream- 
lined housings  for  antennas  of  microwave  beacons;  materials  useful  for 
this  purpose  have  dielectric  constants  that  range  from  2.2eo  to  lOeo.  Tf 

TABLE  114. — PANEL  THICKNESSES  AND  TOLERANCKS  FOR  LESS  THAN  10  PER  OKNT 

REFLECTION  IN  POWER,  INCIDENCE  RANC,E  0°-70° 

PARALLEL  POLAIU/ATION 


c 

di 

d2 

rfi  -  rf, 

«o 

Ao 

Xo 

2X0 

1.7 

0.722 

0.401 

0.100 

2.2 

0.444 

0.311 

0.007 

3.7 

0.290 

0.232 

0.029 

3.7 

0.549* 

0.502* 

0  024* 

10.0 

0.109 

0.147 

0.011 

10.0 

0.327* 

0.300* 

0.011* 

*  Second  oiciei. 

the  radiation  is  polarized  perpendicular  to  the  axis  of  the  beacon  antenna, 
the  radiation  that  falls  at  a  high  angle  of  incidence  on  the  radome  wall 
is  polarized  parallel  to  the  plane  of  incidence.  The  power  reflection  can 
then  be  less  than  10  per  cent  from  0°  up  to  at  least  70°  incidence.  For 
example,  a  panel  of  material  that  has  a  dielectric  constant  of  4c0  and  a 
thickness  of  0.03()X0  will  give  less  than  10  per  cent  reflection  over  this 
range  of  angles.  This  thickness  is  just  three  times  the  thickness  allowable 
under  the  same  conditions  for  perpendicular  polarization  (see  end  of 
Sec.  11-3).  Obviously,  it  is  easier  to  design  a  mechanically  satisfactory 
thin-walled,  streamlined  housing  for  a  microwave  linear  array  when  the 
electric  vector  is  transverse  to  the  axis  of  the  array. 

Reflection  of  Panels  of  Low  Dielectric  Constant. — Even  with  parallel 
polarization  and  a  material  of  low  dielectric  constant,  the  reflection  coef- 
ficient becomes  large  at  high  angles  of  incidence.  Certain  ranges  of 
thickness  must  be  avoided  if  the  reflection  of  a  pane]  made  of  such 
material  is  to  be  kept  low. 

11-5.  Homogeneous  Panels  with  Finite  Loss  at  Arbitrary  Incidence. — 
It  is  shown  in  Sec.  10-3  that  the  loss  tangent  of  the  material  affects  both 
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the  reflection  and  the  transmission  at  normal  incidence.1  For  low  values 
of  the  loss  tangent,  the  reflection  is  negligibly  affected  by  the  finite  loss 
except  that  it  goes  to  small  finite  minima  rather  than  to  zero  for  critical 
thicknesses;  the  transmission,  however,  can  be  appreciably  reduced. 
Equations  (12-81)  and  (12-82)  from  which  these  results  are  derived 
apply  for  incidence  at  arbitrary  angles  provided  that  the  correct  values 
of  \rab\,  x  (the  shift  of  phase),  0  and  A  are  used.  It  is  shown  in  Section 
12-4  that  the  magnitude  of  the  reflection  coefficient  |rah|  for  low-loss 
materials  is  negligibly  different  from  what  it  is  for  lossless  materials  hav- 
ing the  same  dielectric  constant  and  that  the  shift  of  phase  at  reflection  x 
is  small  although  different  from  zero.  For  any  particular  case  the  values 
for  |r0b|  and  x  can  be  obtained  from  Eqs.  (12-47)  and  (12-48),  using  the 
equivalent  index  of  refraction  and  the  absorption  coefficient  from  Eqs. 
(12-51)  and  (12-52).  The  values  of  A  and  0  appropriate  for  oblique  inci- 
dence are  given  by  Eqs.  (12.71  a)  and  (12.716)  and  can  be  written 


---» 

A  =  e         *"  ((>) 

and 


.    1*1  - 

\€(| 


(7) 


0  being  the  same  as  for  the  lossless  sheet  [Eq.  (12-64)].  The  general 
result  is  the  same  as  for  normal  incidence  —  an  unimportant  change  of  the 
reflection  of  the  panel  and  an  appreciable  reduction  of  the  transmission. 
The  reduction  of  the  transmission  is  greater  for  oblique  incidence  than 
it  is  for  normal  incidence,  because  the  exponent  in  the  expression  for  A 
is  proportional  to  the  ratio 


sin2  00 


Equation  (6)  can  also  be  put  in  the  form 

0  tan  6 


2        ft'        .    .  a  \ 

[ sm2  0o  I  /rix 

A  =  e  Veo  '  (8) 

from  which  it  is  apparent  that  the  reduction  of  the  transmission  with 
increasing  angle  of  incidence  is  even  greater  if  sheets  of  equal  electrical 
thickness  are  compared  rather  than  sheets  of  equal  thickness  of  material. 

1  R.  M.  Rcdheffer,  "Transmission  and  Reflection  of  Parallel  Plane  Sheets," 
Radome  Bull.  12,  RL  Report  No.  483-12,  January  1945;  Yael  Dowker,  "Transmission 
of  Lossy  Sandwiches,"  RL  Report  No.  483-22,  January  1946. 
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For  modified  half-wavelength  panels,  Eq.  (12-84)  gives  the  expression 
for  the  corresponding  maximum  values  of  the  transmission.     It  is 


I7 
\-L 


W 

loHsy(mBX) 


(9) 


When  |rab|2  is  small  the  A^  factor  is  the  principal  one;  but  when  |rab|2 
becomes  comparable  with  unity,  the  second  factor  is  also  of  importance 


and  contributes  to  a  further  reduction  of 


Since  |ra&|2  is  greater 


for  perpendicular  polarization  than  for  parallel  polarization  and  A^  is 
the  same  for  both,  |T|;Lx  will  always  be  less  for  perpendicular-polarized 
radiation  incident  at  any  given  angle  than  it  will  be  for  parallel-polarized 
radiation  incident  at  the  »snme  angle.  At  perpendicular  polarization  the 
decrease  is  particularly  marked  at  large  angles  of  incidence  for  which 
I  /v,6  12  gets  fairly  large. 

Some  representative  values  for  modified  half-wavelength  panels  of 
one  particular  dielectric  are  given  in  Table  1  1  -5.     The  panels  of  Table 

TABLE  11-5.  —  TRANSMISSION  Loss  OF  MODIFIED  HALF-WAVKLKNUTH  PANELS 

tan  5  =  0.02;         K  =  0.01 


Angle  of 
incidence, 
degrees 

Xo 

* 

Perpendicular 
polarization 

Parallel 
polarization 

TQ 

rai, 

i  -in- 

€0 

4.00 
1.20 
0.35 

M 

i-W 

0 
60 
75 

0.250 
0.277 
0.286 

0.97 
0.96 
0.96 

4 
13 
46 

0.33 
0.56 
0.73 

0.08 
0.14 
0.23 

0.33 
0.03 
0.25 

0.08 
0.08 
0.11 

11-5  are  ones  that  have  very  small  reflection  at  the  given  angles  of  inci- 
dence; the  transmission  loss  results  almost  entirely  from  absorption.  The 
absorbed  power  increases  rapidly  with  angle  of  incidence  at  perpendicular 
polarization,  especially  at  the  higher  angles  of  incidence,  whereas  at 
parallel  polarization  there  is  no  marked  change  in  absorption  with  angle 
of  incidence. 

These  results  for  panels  of  modified  half-wavelength  thickness  may 
be  generalized  as  follows.  The  reflection  by  a  panel  of  low-loss  material 
under  given  conditions  is  almost  the  same  as  for  an  equivalent  lossless 
panel.  The  absorption  increases  significantly  with  angle  of  incidence 
for  perpendicular  polarization  but  does  not  change  noticeably  for  parallel 
polarization.  The  extent  of  the  change  depends  upon  the  dielectric 
constant  and  loss  tangent  of  the  material;  as  a  rough  rule,  the  transmis- 
sion loss  due  to  absorption  at  70°  incidence  is  about  three  times  the  loss 
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at  normal  incidence.  If  an  appreciable  amount  of  the  power  radiated 
from  an  antenna  is  to  be  transmitted  through  a  radome  at  angles  of  inci- 
dence greater  than  70°  at  perpendicular  polarization,  absorption  may 
become  an  important  factor  in  limiting  the  transmitted  power.  Thus 
with  half -wavelength  or  modified  half-wavelength  radomes,  moderately 
lossy  materials  (tan  6  ^  0.05)  may  be  used,  provided  radiation  does  not 
fall  at  a  high  angle  of  incidence  at  perpendicular  polarization.  Mini- 
mization of  both  reflection  and  absorption  is  more  difficult  for  perpendicu- 
lar polarization  than  for  parallel  polarization. 

TRANSMISSION  AND  REFLECTION  OF  SANDWICHES 

11-6.  General  Considerations. — Ordinarily,  a  designer  tries  to  plan 
constructions  that  meet  mechanical  and  electrical  requirements  and  are 
at  the  same  time  as  light  as  possible.  The  sandwich  consisting  of  thin 
high-strength  faces  and  a  low-density  core  of  gridded  construction  or 
expanded  plastic  is  of  this  kind.  Since  streamlined  radomes  for  scanning 
antennas  are  large  and  sometimes  subject  to  high  aerodynamic  loading, 
sandwich  constructions  that  arc  stiff  and  strong  are  desirable.  It  may 
also  be  required  that  the  radome  have  a  high  value  of  the  transmission 
coefficient  over  a  wide  range  of  angles  of  incidence  either  at  parallel  or 
perpendicular  polarization  or  at  both  polarizations. 

These  electrical  and  mechanical  requirements  severely  limit  the  pos- 
sibilities for  design  of  sandwich  constructions  with  thin  high-strength 
skins  and  low-density  cores,  especially  at  the  shorter  wavelengths. 
Where  this  conventional  type  of  sandwich  construction  cannot  be 
employed,  it  is  necessary  to  use  a  homogeneous  sheet  of  modified  half- 
wavelength  thickness  or  alternative  types  of  sandwich  construction; 
these  constructions  are  heavy  compared  with  conventional  sandwich 
constructions  of  the  same  strength  and  stiffness.  Some  of  the  alternative 
types  of  construction  are  considered  in  Sees.  11-9  and  11-10.  The 
mechanical  properties  of  this  type  of  construction  are  considered  in  Sec. 
13-10. 

Sandwiches  for  the  10-cm  band  can  be  designed  with  skins  that  are 
electrically  thin  compared  with  the  wavelength.  Such  sandwiches  have 
excellent  strength  and  stiffness  and  a  reflection  coefficient  that  is  low 
over  a  wide  range  of  angles  of  incidence.  In  the  3-cm  band  the  skins 
that  are  required  for  mechanical  reasons  are  thicker  electrically.  In 
order  that  the  reflection  coefficient  remain  low  over  a  wide  range  of  angles 
of  incidence  at  perpendicular  polarization,  no  spacing  greater  than  the 
first-order  spacing  can  be  used.  In  the  1-cm  band  the  construction  with 
thin  skins  and  low  dielectric-constant  core  is  of  limited  strength  and 
stiffness  when  the  incidence  covers  a  wide  range  of  perpendicular  polariza- 
tion. A  sandwich  with  skins  that  are  of  the  order  of  the  half-wavelength 
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thickness  is  strong  and  has  good  electrical  characteristics  over  a  wide 
range  of  angles  of  incidence. 

There  is  no  difficulty  in  getting  low  reflection  over  a  wide  range  of 
angles  of  incidence  when  the  polarization  is  parallel  to  the  plane  of 
incidence;  normal-incidence  designs  with  first-  or  second-order  spacing 
are  often  entirely  satisfactory.  The  more  difficult  problems  arise  when 
the  polarization  is  perpendicular  to  the  plane  of  incidence.  It  is  then 
necessary  to  make  the  core  thicker  than  for  normal  incidence  so  as  to 
minimize  the  maximum  reflection  over  a  given  range  of  angles  of  inci- 
dence (cf.  Sec.  11-3).  The  angle  of  incidence  corresponding  to  zero 
reflection  for  such  a  sandwich  lies  nearer  to  the  upper  than  to  the  lower 
limit  of  the  range  of  angles  of  incidence,  as  with  homogeneous  panels. 
A  sandwich  in  which  the  core  spacing  is  thus  modified  to  obtain  optimum 
transmission  characteristics  over  a  given  range  of  angles  of  incidence  at 
perpendicular  polarization  usually  has  good  transmission  characteristics 
at  parallel  polarization.  For  given  values  of  skin  thickness  and  skin 
and  core  dielectric  constants,  at  perpendicular  polarization  the  mini- 
mized maximum  reflection  increases  with  increase  of  range  of  angles  of 
incidence;  for  a  given  range  of  angles  of  incidence,  it  is  greater  for  a 
second-order  sandwich  with  optimum  core  thickness  than  for  a  similar 
first-order  sandwich.  In  all  these  respects  the  behavior  of  a  sandwich  at 
both  parallel  and  perpendicular  polarization  is  analogous  to  that  of  a 
homogeneous  dielectric  sheet.  For  a  given  range  of  angles  of  incidence 
and  values  of  skin  and  core  dielectric  constants,  the  reflection  at  perpen- 
dicular polarization  with  the  optimum  core  thickness  depends  very  much 
upon  the  thickness  of  the  skins;  they  must  be  kept  as  thin  as  possible  if 
the  best  transmission  characteristics  arc  to  be  obtained  over  a  wide  range 
of  angles  of  incidence.  In  this  connection  it  should  be  pointed  out  that 
the  strength  and  stiffness  of  the  sandwich  construction  are  mainly 
attributable  to  the  skins  (cf.  Sec.  13-10). 

It  was  shown  in  Sec.  10-6  that  the  presence  of  an  adhesive  layer 
between  the  skin  and  core  can  be  taken  into  account  electrically  by 
assuming  an  effective  value  of  skin  thickness  da  in  excess  of  the  actual  skin 
thickness  d(  by  an  amount  A  depending  upon  the  materials  used  and  the 
technique  of  the  fabrication.  The  design  of  the  sandwich  construction 
for  a  streamlined  radome  should  be  based  upon  the  effective  skin  thickness 
and  not  the  actual  one;  otherwise,  the  electrical  transmission  may  be 
adversely  affected,  especially  when  good  transmission  is  required  over  a 
range  of  angles  of  incidence  at  perpendicular  polarization. 

For  the  transmission  of  sandwiches  with  low-loss  skins  and  cores,  at 
parallel  polarization  the  additional  transmission  loss  resulting  from  finite 
loss  in  the  skin  and  the  core  does  not  vary  greatly  with  angle  of  incidence. 
At  perpendicular  polarization,  the  transmission  loss  due  to  absorption 
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increases  markedly  with  increase  of  angle  of  incidence,  especially  above 
angles  of  incidence  of  about  60°.  Lossy  materials  such  as  cellulosic  sub- 
stances cannot  therefore  be  used  for  streamlined  radomes  where  radia- 
tion is  incident  perpendicular  to  the  plane  of  incidence  at  a  large  angle  of 
incidence.  Materials  that  are  used  in  the  "electrical"  portion  of  the 
radome  must,  for  the  same  reason,  be  as  nearly  nonhygroscopic  as  pos- 
sible. The  requirement  that  a  radome  be  used  with  perpendicularly 
polarized  radiation  incident  over  a  wide  range  of  angles  of  incidence 
involves  losses  of  transmitted  power  resulting  from  both  reflection  and 
absorption  and  thus  restricts  the  design. 

11-7.  Lossless  Sandwiches  at  Arbitrary  Incidence.  —  By  use  of  the 
equivalence  relationships  discussed  in  Sees.  11-1  and  11-2,  the  electrical 
behavior1  of  a  lossless  sandwich,  at  any  particular  angle  of  incidence  and 
polarization,  may  be  represented  by  the  electrical  behavior  of  a  hypo- 
thetical equivalent  sandwich  at  normal  incidence.  For  the  hypo- 
thetical sandwich  the  effective  dielectric  constants  of  the  skin  arid  core 
given  by  Eqs.  (1)  and  (2)  are  functions  of  the  angle  of  incidence,  of  the 
polarization,  and  of  the  actual  dielectric  constants  of  the  skin  and  core. 
Similarly,  the  electrical  thicknesses  of  the  skin  and  core  of  the  hypo- 
thetical sandwich  are  functions  of  those  of  the  actual  sandwich  and  of 
the  angle  of  incidence,  as  per  Eq.  (4).  With  these  values,  the  core  thick- 
ness that  will  give  zero  reflection  can  be  computed  for  any  given  skin 
construction,  angle  of  incidence,  and  polarization.  The  change  in  core 
thickness  corresponding  to  any  given  reflection  coefficient  of  the  sand- 
wich can  also  be  computed.  Hence,  for  a  given  skin  construction  and  a 
given  dielectric  constant  of  core,  reflection  contours  of  constant  power- 
reflection  coefficient  can  be  obtained  on  charts  where  the  core  thickness  is 
plotted  as  the  ordinate  and  the  angle  of  incidence  as  the  abscissa. 

Symmetrical  Lossless  Sandwiches.  —  Proceeding  as  for  normal  incidence, 
we  see  that  a  lossless  sandwich  can  have  zero  reflection  only  when  it  is 
symmetrical.  If  (dc)N  is  the  core  thickness  corresponding  to  zero  reflec- 
tion, then  for  perpendicular  polarization2 

.        v        ,„„_,[  _  2(0*.  -  1)  y^R  sin  2». 
0c  =  J\T,r-tan     |_(a;  _  1)(af  +  ^^2*.  T  1ST-  ^K?+ 

where 


1  R.  M.  Redheffer,  "Electrical  Properties  of  Double-wall  and  Sandwich  Radomea," 
RL  Report  No.  483-11,  February  1944;  J.  B.  Birks,  "Dielectric  Transmission  and 
Scanner  Nacelle  Design,"  TRE  Report  No.  T1677,  and  Part  2,  THE  Report  No. 
T1769,  December  1944. 

2  The  quantities  aj  and  «'  are  the  effective  specific  dielectric  constants  of  the  skin 
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and  similarly  for  parallel  polarization  [cf.  Eq.  (10-19)].  If  the  core  has 
an  arbitrary  thickness  dc  that  equals  (dc}N  +  Adc,  then  the  power-reflec- 
tion coefficient  of  the  sandwich  as  a  whole  is  given  by 


4|P|«  sin  ' 

,.^         (11) 


where  |p|2  has  the  value  corresponding  to  the  angle  of  incidence  0o 
the  appropriate  polarization.  |p|2  is  obtained  from  Eq.  (10-21)  by  replacing 
as  and  ac  by  aa  and  «'  and  using  the  above  expression  for  0f  .  Just  as  for  the 
plane  dielectric  sheet  at  arbitrary  incidence  (Sec.  11-2),  Fig.  10-8  can  be 
used  for  the  construction  of  reflection  contour  charts.  Here,  however,  the 
abscissa  represents  values  of  ±  (Adc/X0)  vV  —  sin2  00.  Thus,  by  the  use 
of  expressions  derived  for  the  case  of  normal  incidence,  for  arbitrary 
incidence  we  can  compute  the  reflection,  coefficient  for  the  skin  backed  by 
the  core  material,  the  core  thickness  for  zero  reflection,  and  the  reflection 
for  arbitrary  spacing. 

•  Contours  of  Constant  Reflection.  —  As  with  the  single  homogeneous 
sheet,  the  first  object  is  to  find  the  conditions  under  which  loss  due  to 
reflection  is  minimized  over  a  given  range  of  angles  of  incidence.  The 
reflection  of  any  actual  sandwich  is  nearly  the  same  as  for  a  lossless  sand- 
wich made  of  materials  having  the  same  dielectric  constants.  For  any 
given  set  of  values  of  skin  thickness  ds,  skin  dielectric  constant  ea,  and  core 
dielectric  constant  e,.,  it  is  first  necessary  to  calculate  the  core  thickness 
dc  corresponding  to  a  given  power-reflection  coefficient  |7t!|2  as  a  function 
of  angle  of  incidence.  If  for  each  value  of  \R\2  we  plot  the  core  thickness 
against  the  angle  of  incidence,  we  get  a  chart  of  reflection  contours,  as 
before.  In  order  to  present  information  on  the  behavior  of  single  homo- 
geneous sheets  at  arbitrary  incidence,  a  large  set  of  contour  diagrams  for 
each  polarization  is  needed,  one  for  each  value  of  the  dielectric  constant. 
For  the  sandwich  construction,  the  presentation  of  the  corresponding 
information  necessitates  a  threefold  set  of  charts  for  each  polarization, 
covering  all  values  of  skin  thickness,  skin  dielectric  constant,  and  core 
dielectric  constant.  The  most  valuable  types  of  construction,  however, 
have  high-strength  skins,  for  which  aa  ranges  from  3.0  to  5.0,  and  cores  of 
air,  low-density  plastic,  or  thermoplastic  material,  with  ac  ranging 
from  1.0  to  2.7.  A  study  of  diagrams  of  reflection  contours  for  perpen- 
dicular polarization  shows  the  desirability  of  restricting  the  electrical 
skin  thickness  to  values  either  less  than  about  0.10  or  close  to  0.50.  The 
behavior  of  sandwiches  with  thin  skins  and  cores  of  low  dielectric  constant 

and  core  for  radiation  incident  at  angle  00  in  air;  ae  and  aa  in  the  expressions  for  0C 
and  4>B  arc  the  actual  specific  dielectric  constants. 
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becomes  apparent  after  study  of  a  small  number  of  charts  giving  reflec- 
tion contours.1 

In  Figs.  11-11  and  11-12  typical  reflection  contours  are  shown  for 
perpendicular  and  parallel  polarization  respectively.  The  ordinate  repre- 
sents the  ratio  of  core  thickness  r/r  to  the  free-space  wavelength  X0;  the 
1.8 
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Fiu.  11-11.  —  Power-reflection  contours  for  a  sandwich  (perpendicular  polarization). 

percentage  of  reflected  power  is  marked  on  each  contour.  The  charts 
are  computed  for  a  skin  dielectric  constant  of  3.7c0,  a  core  dielectric  con- 
stant of  1.4e0,  and  a  skin  thickness  of  0.040X0.  Figure  11-11  shows  that 
the  core  thickness  for  zero  reflection  increases  with  the  angle  of  incidence, 
as  does  the  thickness  of  a  modified  half -wavelength  panel.  The  second- 

1  For  charts  of  a  large  number  of  typical  sandwich  constructions,  see  E.  M.  Ever- 
hart,  "Radome  Wall  Reflections  at  Variable  Angles  of  Incidence,"  RL  Report  No. 
483-20,  January  1946;  see  also  RL  Report  No.  483-8,  December  1944. 
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order  core  thickness  for  zero  reflection  is  obtained  from  the  first-order 
thickness  by  increasing  dci/X0  by  an  amount  l/(2  \/ac  —  sin2  00).  Thus, 
the  second-order  contour  for  zero  reflection  is  steeper  than  the  first-order 
contour.  The  contours  for  10  per  cent  reflection  are  observed  to  be 
equally  spaced  above  and  below  the  corresponding  zero  reflection  curi- 
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FIG.  11-12. — Power-reflection  contours  for  a  sandwich  (parallel  polarization). 

tour,  as  are  the  contours  for  other  amounts  of  reflection.  In  this  way  it  is 
possible  to  construct  the  contour  diagram  from  computations  made  for 
the  first-order  spacing  only.  From  Figs.  11-11  and  11-12  it  can  be  seen 
that  the  zero  reflection  contours  for  parallel  polarization  are  different 
from  the  zero  reflection  contours  for  perpendicular  polarization.  The 
contour  diagrams  for  a  family  of  sandwiches  differ  in  this  respect  from 
those  for  plane  dielectric  sheets  of  given  dielectric  constant  (Sec.  11-2). 
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A  sandwich  that  has  zero  reflection  at  some  particuLar  angle  of  incidence 
at  perpendicular  polarization  does  not  usually  have  zero  reflection  at  the 
same  angle  of  incidence  at  parallel  polarization,  and  vice  versa.  As  with 
perpendicular  polarization,  the  second-order  reflection  contours  for  par- 
allel polarization  are  obtained  from  the  first-order  contours  by  increasing 
the  core  thickness  for  any  given  angle  of  incidence  00  by  an  amount 
X0/(2  yja.c  —  sin2  00).  Since  Brewster's  angle  for  the  air-skin  interface 
is  different  from  Brewster's  angle  for  the  core-skin  interface,  there  is  no 
angle  of  incidence  for  which  the  reflection  is  always  zero,  except,  of  course, 
in  the  special  case  of  the  double-wall  construction.  If  we  denote  the 
angle  of  incidence  corresponding_to  Brewster's  angle  for  the  air-skin 
interface  by  6B  (equal  to  tan"1  \/aa),  the  reflection  of  the  whole  sandwich 
at  this  angle  of  incidence  is  the  same  as  if  the  skins  had  been  removed 
and  only  the  core  remained.  Thus  we  see  that  the  core  thickness  for  zero 
reflection  at  an  angle  of  incidence  6B  at  parallel  polarization  is  equal  to  an 
integral  multiple  of  X0/(2  \/ae—  sin2  BB). 

11-8.  Lossless  Sandwiches  with  Thin  Skins. — The  electrical  behavior 
of  lossless  sandwiches  can  be  studied  most  easily  with  the  aid  of  charts  of 
constant  reflection  contours,  as  discussed  in  the  preceding  section.  In 
this  section  we  consider  the  effect  on  transmission  as  the  core  thickness 
of  a  sandwich  with  given  skin  construction  is  varied,  the  effect  of  the  skin 
thickness  on  the  transmission  of  lossless  sandwiches  with  optimum  core 
thickness,  the  effect  of  the  adhesive  layer  between  the  skins  and  the  core, 
and  the  tolerances  required  in  the  fabrication  of  streamlined  sandwich 
radomes. 

Effect  of  Core  Thickness  on  Reflection.  Perpendicular  Polarization.— 
As  a  typical  example,  let  us  assume  dielectric  constants  of  3.7e0  and  1.4e0 
for  the  skin  and  core  respectively  and  a  skin  thickness  of  0.040  X0  corre- 
sponding to  an  electrical  thickness  of  0.148.  This  is  a  reasonable  value  of 
electrical  skin  thickness  in  the  3-cm  wavelength  band;  it  is  high  for  the 
10-cm  band  and  too  low  for  a  construction  of  appreciable  strength  in  the 
1-cm  band.  The  results  found  will  be  qualitatively  valid  for  other  values 
of  electrical  skin  thickness  and  for  other  dielectric  constants  of  the  skin 
and  core,  although  the  quantitative  results  may  be  far  different. 

From  the  charts  in  Figs.  11-11  and  11-12  we  find  that  the  first-order 
core  thickness  corresponding  to  power-reflection  coefficients  at  normal 
incidence  of  zero,  0.05,  0.10,  and  0.15  are  0.175X0,  0.230X0,  0.254X0,  and 
0.278X0,  respectively.  Curves  of  the  power-reflection  coefficient  as  a 
function  of  angle  of  incidence  can  be  plotted  from  these  contours.  Such 
curves  for  perpendicular  polarization  are  presented  in  Fig.  11-13.  It  is 
seen  that  the  set  of  curves  for  different  thicknesses  of  the  core  of  a  sand- 
wich is  similar  to  the  corresponding  set  for  different  thicknesses  of  a  panel 
(see  Fig.  11-9).  Just  as  for  the  panels,  it  is  advantageous  that  the  thick- 
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ness  of  the  core  be  made  greater  than  that  for  a  normal-incidence  design 
of  a  sandwich.  The  optimum  core  thickness  depends  upon  the  range  of 
angles  of  incidence  and  the  permissible  values  of  the  reflection  or  trans- 
mission coefficients  at  each  end  of  the  range  of  angles  of  incidence.  The 
specification  adopted  depends  upon  engineering  judgment  in  any  particu- 
lar case;1  in  this  discussion  it  will  be  assumed,  as  before,  that  the  optimum 


For  all  curves  rfs//X0=0.040>  as=3.7,  Oc=lA 
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FIG.  11-13. — Effect  of  core  thickness  on  the  reflection  of  lossless  sandwiches  (perpendicular 

polarization) . 

core  thickness  is  the  one  for  which  the  greatest  value  of  reflection  is  minimized 
over  the  given  ranges  of  angles  of  incidence.  If  we  assume  that  the  lower 
end  of  the  range  of  angles  of  incidence  is  at  normal  incidence,  then  the 

TABLE  11-6. — REFLECTION  BEHAVIOR  OF  LOSSLESS  SANDWICHES 
a,  =  3.7;         «c  =  1.4;         ds/\o  =  0.040 


Range  of  angles  of 

dc 
Xo 

\R\Z  at  normal 
incidence 

incidence  for  which 
\R\*  is  less  than 
normal-incidence 

Angle  of  incidence 
for  which   R  2  =  0, 
degrees 

value,  degrees 

0.230 

0.05 

0-56 

42 

0.254 

0.10 

0-64 

51 

0.278 

0.15 

0-71 

57 

ranges  of  angles  of  incidence  corresponding  to  values  of  \R\2  of  0.05,  0.10, 
and  0.15  are  as  given  in  Table  11-6  together  with  the  angle  of  incidence 

1  E.  R.  Steele,  "Some  Electrical  Aspects  of  Microwave  Sandwich  Radome  Design," 
RL  Report  No.  483-16,  May  1945. 


314 


ELECTRICAL  DESIGN  OF  STREAMLINED  RADOMES     [SBC.  11-8 


for  zero  reflection.  It  is  seen  that  the  minimized  maximum  value  of 
reflection  coefficient  increases  with  increase  in  range  of  angles  of  incidence 
and  the  angle  of  incidence  for  zero  reflection  lies  near  the  upper  end  of  the 
range  of  angles  of  incidence. 

From  Fig.  11-13  it  is  apparent  that  the  reflection  by  a  sandwich  with  a 
given  skin  construction  changes  rapidly  with  change  in  core  thickness, 
especially  at  the  upper  end  of  the  angle  of  incidence  range.  In  practice, 
therefore,  the  core  thickness  must  be  held  to  a  specified  value  within  a 
close  tolerance  in  order  to  obtain  given  reflection  characteristics. 


30  60 

Angle  of  incidence  in  degrees 

(a)   First-order  spacing. 

Skin  thickness  =  0.040Xo. 
Core  thickness  =  0.254Xo. 
ag  =  3.7;  ae  =  1.4. 


30  60 

Angle  of  incidence  in  degrees 

(6)   Second-order  spacing. 

Skin  thickness  =  0.040Xo. 
Core  thickness  -  0.635\o. 
a,  =  3.7;  ae  =  1.4. 


FIQ.  11-14. — Power  reflection  of  a  sandwich. 

Since  the  second-  and  higher-order  contours  are  steeper  than  those 
for  the  first  order  in  the  reflection  contour  chart,  the  second-order  spacing 
is  less  suitable  electrically  for  use  in  a  streamlined  radome  where  the 
radiation  is  incident  over  a  wide  range  of  angles  at  perpendicular  polariza- 
tion. For  example,  the  reflection  of  two  sandwiches  for  which  as  =  3.7, 
ac  =  1.4,  ds  =  0.040X0,  and  dc  =  0.254X0  and  0.635X0,  respectively,  is 
shown  in  Fig.  11-14  at  perpendicular  and  at  parallel  polarization  as  a 
function  of  angle  of  incidence.  In  the  second-order  sandwich,  the  reflec- 
tion at  perpendicular  polarization  is  seen  to  be  large  except  over  a  narrow 
range  of  angles  of  incidence. 

Effect  of  Core  Thickness  on  Reflection.  Parallel  Polarization. — In 
general,  the  power-reflection  coefficient  of  a  sandwich  with  thin  skins 
and  core  of  low  dielectric  constant  designed  for  zero  reflection  at  normal 
incidence  is  less  than  0.10  from  normal  incidence  up  to  an  angle  of  inci- 
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dence  of  70°  at  parallel  polarization.1  It  is  apparent  from  Fig.  11-12, 
for  example,  that  the  core  thickness  can  be  increased  appreciably  without 
marked  increase  in  reflection  coefficient  of  the  sandwich.  Good  trans- 
mission characteristics  at  parallel  polarization  are  therefore  to  be  expected 
of  a  sandwich  that  has  been  designed  for  optimum  transmission  of  per- 
pendicularly polarized  radiation  (cf.  Fig.  ll-14a).  Usually  there  is  a 
range  of  values  of  second-order  core  thickness  for  which  the.  transmission 
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FIG.  11-15. — Power-reflection  contours  for  a  sandwich  (perpendicular  polarization)  - 

of  sandwiches  for  parallel  polarization  is  good  from  normal  incidence  up 
to  angles  of  incidence  in  excess  of  80°.  This,  too,  is  evident  from  Figs. 
11 -12  and  11.146. 

Effect  of  Skin  Thickness  on  Optimum  Core  Thickness. — For  the  most 
part,"  the  required  mechanical  strength  can  be  obtained  with  a  thick 
enough  skin.  The  thickness  of  the  core  must  be  adjusted  accordingly. 
The  thickness  of  the  skin  cannot  be  too  great,  however,  if  perpendicularly 

1  Cf.  E.  M.  Everhart,  "Radome  Wall  Reflections  at  Variahle  Angles  of  Incidence," 
RL  Report  No.  483-20,  January  1946. 
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polarized  radiation  is  to  be  incident  over  a  wide  range  of  angles,  because 
the  minimized  maximum  reflection  with  optimum  core  spacing  may 
become  very  large  as  the  skin  thickness  increases. 

This  can  be  illustrated  by  an  example.  Again  taking  the  same  values 
of  dielectric  constant  of  the  skin  and  core  as  before  (3.7e0  and  1.4e0)  and 
assuming  that  the  reflection  has  to  be  minimized  over  a  range  of  angles  of 
incidence  from  normal  incidence  to  70°,  we  will  assume  values  of  skin 


10 


20 


70 


80 


90 


30          40  50          60 

Angle  of  incidence  in  degrees 
Fio.  11-16. — Power-reflection  contours  for  a  sandwich  (perpendicular  polarization). 

thicknesses  equal  to  0.010\0,  0.024X0,  and  0.040X0,  corresponding  to  the 
reflection  contour  charts  in  Figs.  11-15,  11-16,  and  11-11,  respectively. 
The  optimum  first-order  core  thicknesses  obtained  from  these  reflection 
contour  charts  are  found  to  be  approximately  0.500X0,  0.373X0,  and 
0.278X0,  respectively.  Transmission  curves  as  a  function  of  angle  of 
incidence  for  lossless  sandwiches  corresponding  to  these  thicknesses  are 
given  in  Fig.  11-17. 

In  Table  11-7  are  given  values  of  the  optimum  core  spacing  dc(ODl),  of 
the  corresponding  total  sandwich  thickness  h  (equal  to  c/c(0pt)  +  2d8),  of 
the  angle  of  incidence  for  which  the  reflection  is  zero,  and  of  the  maximum 
reflection  over  the  range  of  incidence  from  0°  to  70°  for  each  value  of  skin 
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thickness;  all  dimensions  are  given  in  terms  of  the  free-space  wavelength. 
It  is  observed  that  with  increase  in  skin  thickness  there  results  a  marked 
increase  in  the  maximum  reflection;  the  angle  of  peak  transmission 
decreases  slightly  while  the  optimum  core  thickness  and  optimum  over- 
all sandwich  thickness  diminish.  There  is,  therefore,  a  practical  restric- 
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Fio.  11-17. — Effect  of  skin  thickness  on  the  transmission  of  lossless  sandwiches  (perpen- 
dicular polarization). 

tion  on  the  skin  thickness  of  such  sandwiches  that  depends  upon  the 
desired  range  of  angles  of  incidence. 

Other  things  being  equal,  the  ftexural  strength  and  stiffness  of  sand- 
wiches with  thin  skins  and  low-density  cores  can  be  considered  as  being 
approximately  proportional  to  Xo(daAo)  (d,;/X0)  and  Xj(rfs/X0)(rfc/Xo)2, 

TABLE  11-7. — KFFECT  OF  SKIN  THICKNESS  ON  MINIMIZED  MAXIMUM  REFLECTION 
(a,  =  3.7;          «f  =  1.4) 


Max.  percentage 

Angle  of  zrro 

reflected  power 

d, 

da  (opt) 

h 

reflection 

with  optimum 

X0 

Xo 

X0 

degrees 

core  spacing, 

approx. 

0.010 

0.500 

0.520 

61.0 

6 

0.024 

0.373 

0.421 

60.5 

10 

0.040 

0.278 

0.358 

57.5 

15 

respectively  (Sec.  13-10).  Thus,  for  a  given  electrical  behavior  at  per- 
pendicular polarization,  the  strength  and  stiffness  should  vary  as  the 
square  and  the  cube  of  the  free-space  wavelength,  respectively.  In 
the  10-cm  band,  da/X0  may  be  kept  sufficiently  small  so  that  the  reflection 
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remains  low  over  the  range  of  angles  of  incidence,  the  strength  and  stiff- 
ness of  a  radome  being  adequate.  In  the  3-cm  band,  the  same  require- 
ments for  strength  and  stiffness  will  necessitate  a  higher  value  of  rffl/X0 
with  consequent  impairment  of  transmission  characteristics  at  per- 
pendicular polarization.  Any  unnecessary  strength  or  rigidity  of  a 
radome  will  degrade  its  electrical  characteristics. 

In  the  1-cm  range,  the  strength  and  stiffness  become  quite  small  for 
certain  values  of  da/\0  and  rfc/X0  because  of  the  Xj  and  X?  coefficients  in 
the  expressions  for  strength  and  stiffness.  Unless  the  mechanical  require- 
ments are  modest,  the  thin-walled  sandwich  cannot  be  used  for  this 
wavelength  region  when  the  angle  of  incidence  covers  a  wide  range  at  per- 
pendicular polarization.  Furthermore,  since  the  actual  skin  thickness  in 
a  radome  is  somewhat  less  than  the  value  to  be  used  in  the  electrical 
design,  because  of  the  presence  of  the  adhesive  layer,  the  strength  and 
stiffness  of  a  sandwich  designed  for  given  electrical  behavior  fall  off  even 
more  rapidly  as  X0  is  reduced. 

When  the  aerodynamic  loading  on  a  radome  is  primarily  in  one  sense 
(inward  or  outward),  asymmetrical  sandwiches  may  be  of  advantage  in 
the  3-cm  band.  If  the  thickness  of  one  skin  is  reduced  while  that  of  the 
other  is  increased  correspondingly,  with  but  a  slight  change  in  over-all 
thickness,  there  is  no  significant  change  in  transmission  but  there  is  a 
significant  increase  in  flexural  strength  when  the  thicker  skin  is  in  com- 
pression (Sec.  13-10). 

Effect  of  Adhesive. — The  value  of  the  thickness  of  the  skin  that  must 
be  used  in  computing  the  design  of  a  sandwich  is  not  the  actual  thickness 
but  an  effective  thickness  that  is  greater  because  of  the  properties  of  the 
core-skin  bond  (cf.  Sec.  10-6).  The  consequence  of  neglecting  this 
increase  of  thickness  is  much  more  serious  for  streamlined  radomes, 
because  the  tolerances  on  the  thickness  of  the  skin  are  not  so  liberal  as 
they  arc  for  normal-incidence  radomes.  Drastic  impairment  of  the 
behavior  of  the  radome  may  result  if  the  effect  of  the  layer  of  adhesive  is 
ignored.  Experimental  results1  indicate  that  the  value  of  the  effective 
thickness  appropriate  for  oblique  incidence  is  the  same  as  that  for  normal 
incidence.  Let  us  denote  the  actual  skin  thickness  by  d'8  and  the  effective 
skin  thickness  by  ds  as  in  Sec.  10.6  In  the  10-cm  band,  both  da/X0  and 
(da  —  cO/Xo  are  likely  to  be  small.  Thus,  the  effect  of  the  adhesive  layer 
should  be  very  small  if  it  is  allowed  for;  it  may  be  neglected  without 
serious  impairment  of  transmission.  In  the  3-cm  band,  da/\Q  and 
(ds  —  d'B)/\Q  are  usually  larger;  the  technique  of  fabrication  that  results 
in  the  minimum  value  of  (da  —  d'8)  is  preferred,  and  the  design  must  be 
based  upon  the  effective  skin  thickness.  In  the  1-cm  band,  the  value  of 
(ds  —  di)/X0  is  so  large  that  the  allowable  value  of  actual  skin  thickness  d't 

1  E.  R.  Steele,  op.  cit. 
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is  very  small  when  good  transmission  characteristics  are  required.  The 
best  value  of  da  —  d'a  obtainable  when  the  "wet  lay-up"  technique 
described  in  Sec.  13-6  is  used  appears  to  be  about  0.010  in.;  lower  values 
can  be  obtained,  but  with  the  sacrifice  of  an  adequate  bond.  For  radomes 
made  by  cementing  prefabricated  skins,  as  described  in  Sec.  13-6,  d8  —  dt 
may  become  as  high  as  0.030  in. 

As  would  be  expected,  the  variation  of  the  reflection  as  the  thickness 
of  the  skins  is  changed  is  found  to  be  much  less  serious  with  parallel 
polarization  than  with  perpendicular  polarization.  It  will  not  be  treated 
in  detail  here.  The  design  that  is  best  for  perpendicular  polarization 
can  be  expected  to  be  satisfactory  for  parallel  polarization  as  well.  It 
should,  of  course,  be  based  on  da,  the  effective  skin  thickness,  rather  than 
on  d'B1  the  actual  skin  thickness. 

Tolerances  for  Sandwiches  with  Thin  Skins  and  Low  Dielectric  Constant 
Cores. — The  practicability  of  any  given  design  for  radomc  construction 
depends  upon  whether  or  not  the  manufacturing  tolerances  necessary  to 
maintain  satisfactory  electrical  properties  can  be  realized  in  practice. 
Variation  is  possible  in  all  four  parameters:  thickness  of  skin  and  core  and 
dielectric  constant  of  skin  and  core.  Variation  of  the  dielectric  constant 
of  a  core  made  of  expanded  plastic  may  result  from  chemical  variations  or 
from  variations  in  density  (Sec.  13-13).  Variation  of  the  dielectric 
constant  of  laminates  used  to  form  the  skin  may  be  large  (Sec.  13-14); 
and  when  the  fabrication  of  the  radome  takes  place  simultaneously  with 
the  cure  of  the  skin,  it  is  difficult  to  determine  accurately  the  thickness 
and  dielectric  constant  of  the  skin  so  formed. 

A  study  has  been  made,  for  typical  cases  of  sandwich  construction, 
of  the  effect  of  variation  of  the  parameters  on  the  reflection  at  arbitrary 
incidence.1  Some  of  the  results  for  perpendicularly  polarized  radiation 
will  be  presented  here. 

Tolerances  in  Core  Thickness. — At  perpendicular  polarization  the  trans- 
mission over  a  range  of  angles  of  incidence  depends  upon  the  skin  thick- 
ness and  also  upon  the  core  thickness,  which  is  difficult  to  control  closely 
in  practice.  In  most  streamlined  radomes,  the  lower  end  of  the  required 
range  of  angles  of  incidence  is  nearly  zero,  while  the  upper  end  of  the  range 
depends  upon  the  design.  It  is  important  to  know  how  the  upper  end  of 
the  range  is  affected  by  variation  of  skin  thickness  and  core  thickness  in 
order  to  specify  tolerances.  Figure  11-18,  showing  this  range  for  particu- 
lar values  of  dielectric  constant  of  skin  (3.7e0)  and  of  core  (1.4e0),  is  based 
on  the  assumption  that  the  power-reflection  coefficient  is  not  to  exceed 
0.10.  It  is  seen  that  the  upper  end  of  the  range  of  angles  of  incidence  is 
in  excess  of  70°  only  when  the  skin  is  made  very  thin  and  the  core  thick- 
ness is  held  to  a  narrow  tolerance. 

1  E.  M.  Everhart,  op.  cit. 
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Tolerances  in  Dielectric  Constant  of  the  Core. — The  effect  of  variation 
of  the  dielectric  constant  of  the  core  can  be  determined  by  analysis  of 
reflection  contour  charts  for  sandwiches  with  the  same  skin  construction 
but  with  different  dielectric  constants  of  the  core.  In  practice  it  will  be 
found  that  variation  of  the  dielectric  constant  of  the  core  that  is  due  to 
variation  in  density  of  commercial  core  material  has  but  slight  effect  on 
the  reflection  characteristics  of  sandwiches. 

Tolerances  in  Thickness  of  the  Skin. — In  a  series  of  sandwich  panels 
made  by  the  same  process  with  the  same  materials,  both  the  effective 
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FIG.  11-18. — Allowed  range  of  angles  of  incidence  (perpendicular  polarization). 
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skin  thickness  and  the  core  thickness  will  be  found  to  vary.  From  reflec- 
tion contour  charts  we  can  find  the  result  of  variation  of  effective  skin 
thickness  when  an  assumed  variation  in  core  thickness  occurs  simul- 
taneously. Obviously,  the  effects  can  be  either  compensatory  or  cumu- 
lative. As  an  example,  let  us  consider  a  sandwich  construction  for  a 
streamlined  radome  in  which  the  skin  and  core  dielectric  constants  are 
respectively  3.7c0  and  1.4c0  and  in  which  the  maximum  power-reflection 
coefficient  is  to  be  kept  at  less  than  0.10.  The  core  tolerances  are 
assumed  to  be  equal  to  ±0.016X0,  and  the  core  thickness  is  such  as  to 
give  optimum  electrical  behavior  at  perpendicular  polarization  for  a 
skin  thickness  of  0.028X0.  If  the  skin  thickness  is  changed,  the  range  of 
angles  of  incidence  for  which  the  reflection  is  less  than  10  per  cent  in 
power  is  changed.  The  shaded  area  in  Fig,  ll-19a  shows  the  effect  of 
change  in  skin  thickness  on  this  range.  Increase  in  effective  skin  thick 


SEC.  11-8]          LOSSLESS  SANDWICHES  WITH  THIN  SKINS 


321 


ness  is  seen  to  result  in  improved  behavior  at  large  angles  of  incidence 
at  the  price  of  poorer  behavior  at  small  angles  of  incidence.  Figure 
11-196  shows  the  effect  on  the  range  of  angles  of  incidence  for  the  same 
conditions,  except  that  the  core  thickness  is  now  assumed  to  have  the 
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FIG.  11-19. — Effect  of  variation  in  skin  thickness  (perpendicular  polarization).  Shaded 
area  represents  range  of  angles  of  incidence  for  which  the  reflection  is  lew,s  than  10  per  cent. 

optimum  value  for  each  skin  thickness;  in  this  case  the  upper  end  of  the 
range  of  angles  of  incidence  for  less  than  10  per  cent  reflection  is  seen  to 
decrease  gradually  with  increase  in  effective  skin  thickness. 

Tolerances  in  Dielectric  Constant  of  the  Skin. — A  similar  behavior  is 
observed  in  the  reflection  characteristics  of  a  typical  sandwich  at  per- 
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Fu*.  11-20. — Effect  of  variation  in  dielectric  constant  of  the  skin  (perpendicular  polari- 
zation). Shaded  area  represents  range  of  angles  of  incidence  for  which  the  reflection  is 
leas  than  10  per  cent. 

pendicular  polarization  if  the  dielectric  constant  of  the  skin  is  assumed  to 
vary  while  the  skin  thickness  remains  unchanged.  In  Fig.  ll-20a  are 
curves  showing  the  range  of  angle  of  incidence  for  less  than  10  per  cent 
reflection  in  power  for  a  sandwich  in  which  ac  =  1.4,  d8  =  0.032X0,  core 
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tolerance  =  ±0.016X0;  and  the  core  thickness  has  the  optimum  value  for 
a  skin  dielectric  constant  of  3.7eo.  In  this  case,  variation  between  3.5co 
and  3.9e0  appears  allowable  in  the  dielectric  constant  of  the  skin,  other 
factors  remaining  constant.  This  represents  a  reasonable  range  of  varia- 
tion of  dielectric  constant  of  certain  skin  materials  in  use  at  present. 

If  the  core  thickness  is  adjusted  to  take  care  of  variation  in  the  dielec- 
tric constant  of  the  skin,  it  then  appears  that  within  reasonable  limits  the 
reflection  behavior  of  a  given  sandwich  construction  is  not  markedly 
affected  by  variations  in  the  dielectric  constant  of  the  skin.  The  range 
of  angles  of  incidence  for  less  than  10  per  cent  reflection  in  power  is  nearly 
as  great  for  a  skin  with  a  dielectric  constant  of  4.2e0  as  it  is  for  a  skin  with 
a  dielectric  constant  of  3.7e0,  provided  that  suitable  change  is  made  in 
the  thickness  of  the  core  (Fig.  11-206). 

11-9.  Reflection  of  Sandwiches  with  Skins  of  Modified  Half  Wave- 
length.— The  sandwich  construction  with  core  of  low  dielectric  constant 
and  electrically  thin  skins  is  of  limited  use  for  streamlined  radomes  for 
perpendicular  polarization  in  the  1-cm  band  because  its  strength  and  stiff- 
ness are  small.  It  is  therefore  desirable  to  consider  the  electrical  proper- 
ties of  the  sandwich  made  of  modified  half-wavelength  skins,  as  it  is 
strong  and  stiff. 

Assume  that  the  skins  of  a  sandwich  are  of  such  thickness  that  by 
themselves  they  would  each  have  zero  reflection  at  either  perpendicular 
or  parallel  polarization  at  a  given  angle  of  incidence,  say  6a.  The  skin 
thickness  is  then  given  by  X0/2  \/«a  —  sin2  08,  where  <xa  is  the  specific 
dielectric  constant  of  the  skins.  When  00  equals  0a,  the  reflection  of  the 
whole  sandwich  is  equal  to  the  reflection  of  the  core  alone  at  an  angle  of 
incidence  68  and  is  thus  a  function  of  0H,  the  core  thickness  dc,  and  the 
dielectric  constant  of  the  core  ac.  For  example,  if  the  dielectric  constant 
of  the  core  is  equal  to  1.4t0  and  Ba  is  equal  to  45°,  the  maximum  power- 
reflection  coefficient  of  such  a  sandwich  at  that  angle  at  perpendicular 
polarization  is  0.08.  Table  11-8  gives,  similarly,  the  maximum  possible 
value  of  |/2 12  for  the  whole  sandwich  when  the  angle  of  incidence  00  is 

TABLE  11-8. — MAXIMUM  POWER-REFLECTION  COEFFICIENT  AT  ANGLE  OF  INCIDENCE  6» 
FOR  THICK-SKINNED  SANDWICHES 
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equal  to  08,  for  values  of  08  equal  to  30°,  45°,  and  60°  and  for  values  of 
ac  equal  to  1.4  and  1.2  respectively.  It  is  observed  from  Table  11-8  that 
if  ac  is  equal  to  1.4  and  Q8  is  less  than  45°  or  if  ac  is  equal  to  1.2  and  68  is 
less  than  60°,  the  reflection  of  the  sandwich  at  perpendicular  polarization 
at  an  angle  of  incidence  equal  to  0S  is  not  greater  than  8  per  cent  in  power 
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FIG.     11-21. — Power-reflection    contours    for    a    thick-skinned    sandwich    (perpendicular 

polarization). 

for  all  values  of  core  thickness.  If  the  core  thickness  chosen  is  such 
that  the  reflection  of  the  sandwich  as  a  whole  is  zero  (at  perpendicular 
polarization)  at  some  other  angle  of  incidence  0C,  the  reflection  of  the 
sandwich  over  the  whole  range  of  angles  of  incidence  from  0,  to  0C  can 
be  made  small. 

The  reflection  contours1  for  perpendicular  polarization  of  such  sand- 
1  For  reflection  contour  charts  for  similar  sandwiches  in  which  the  dielectric 
constant  of  the  skin  is  equal  to  3.0e0,  see  E.  M.  Everhart,  op.  tit. 


324 


ELECTRICAL  DESIGN  OF  STREAMLINED  RADOMES     [SEC.  11-9 


wiches,  for  which  aa  =  3.7  and  ac  =  1.4,  are  shown  in  Fig.  11-21.  The 
skin  thickness  is  equal  to  0.280  X0,  corresponding  to  a  value  of  08  equal  to 
45°.  From  Fig.  11-21  it  is  seen  that  at  perpendicular  polarization  if  6C 
is  equal  to  14°,  corresponding  to  a  first-order  core  thickness  of  0.258X0,  the 
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FIQ.    11-22. — Power-reflection    contours    for    a    thick-skinned    sandwich    (perpendicular 

polarization). 

reflection  is  less  than  10  per  cent  in  power  from  normal  incidence  up  to 
82°  incidence.  If  0C  is  equal  to  35°,  corresponding  to  a  second-order  core 
thickness  of  0.871Xo,  the  reflection  is  less  than  10  per  cent  in  power  from 
5°  to  72°  incidence.  Under  these  circumstances  the  reflection  of  the 
whole  sandwich  is  zero  at  35°  and  67°  incidence,  while  at  45°  incidence 
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the  reflection  cannot  be  greater  than  8  per  cent  in  power  for  any  core 
thickness. 

Figure  11-22  shows  the  reflection  contour  diagram  for  perpendicular 
polarization  for  a  family  of  sandwiches  similar  to  those  in  Fig.  11-21 
except  that  the  skin  thickness  is  reduced  to  0.269X0,  corresponding  to  a 
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FIG.    11-23. — Power-reflection    contours    for    a    thick-skinned    sandwich    (perpendicular 

polarization). 

value  of  0,  equal  to  30°.  By  a  comparison  of  Fig.  11-21  with  Fig.  1 1  -22  it  is 
seen  that  if  good  transmission  characteristics  over  a  wide  range  of  angles 
of  incidence  at  perpendicular  polarization  are  required  and  ac  is  constant, 
the  tolerance  of  the  skin  thickness  is  a  rather  small  percentage  whereas  the 
tolerance  of  the  core  spacing  is  large.  Corresponding  reflection  contours 
show  that  for  parallel  polarization  the  reflection  is  always  less  than  10 
per  cent  in  power  below  68°  incidence. 
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When  the  dielectric  constant  of  the  core  is  reduced  to  1.2e0  but  the 
thickness  and  dielectric  constant  of  the  skin  are  unchanged  from  the 
values  of  Fig.  11-21,  the  power-reflection  contours  for  such  sandwiches 
for  perpendicular  polarization  are  as  given  in  Fig.  1 1  -23  and  are  appreci- 
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ably  different  from  those  of  Fig.  11-21.     It  appears,  therefore,  that  the 
dielectric  constant  of  the  core  is  critical  for  this  type  of  sandwich. 

In  Fig.  11-24  reflection  contours  are  plotted  for  perpendicular  polariza- 
tion for  a  family  of  sandwiches  differing  from  that  of  Fig.  1 1  -21  in  that 
the  skin  thickness  is  equal  to  0.292X0,  corresponding  to  a  value  of  0fl  of 
60°.  They  show  that  for  no  value  of  core  thickness  of  even  the  first  order 
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does  a  sandwich  with  these  skins  possess  satisfactory  electrical  behavior 
over  a  wide  range  of  angles  of  incidence  at  perpendicular  polarization. 
The  loss  in  transmission  resulting  from  reflection  is  practically  the  same 
in  a  real  sandwich  as  in  a  lossless  sandwich,  but  the  transmission  loss  due 
to  absorption  may  become  important  in  sandwiches  for  which  the  elec- 
trical thicknesses  of  both  skin  and  core  arc  large  (see  Sec.  11-11).  For 
such  sandwiches  it  may  be  necessary  to  use  materials  having  lower  loss 
tangents  than  are  satisfactory  for  use  with  thin-skinned  first-order  sand- 
wiches. It  appears  that  the  tolerance  requirements  are  more  severe  for 
sandwiches  with  skins  of  modified  half-wavelength  thickness  than  they 
are  for  sandwiches  with  thin  skins. 

Another  sandwich  construction  which  seems  to  have  interesting  pos- 
sibilities for  use  at  perpendicular  polarization  in  the  1-cm  band  is  one  in 
which  the  faces  are  themselves  each  first-order  sandwiches  with  thin 
skins,  with  a  core  of  such  thickness  that  each  individual  "face  sandwich" 
has  zero  reflection  at  some  particular  angle  of  incidence  0«.  The  face 
sandwiches  are  assembled  into  a  sandwich  separated  by  a  core  of  such 
thickness  that  the  reflection  of  the  whole  assembly  is  zero  at  another 
angle  of  incidence  0C.  With  suitable  choice  of  Os  and  0r  it  should  be  pos- 
sible to  design  such  a  sandwich  with  a  low  reflection  coefficient  over  a 
wide  range  of  angles  of  incidence  at  perpendicular  polarization.  The 
strength,  stiffness,  and  weight  of  such  a  construction  should  be  inter- 
mediate between  those  of  the  thin-skinned  sandwich  considered  in  Sec. 
1  1-8  and  those  of  the  sandwich  with  modified  half  -wavelength  skins. 

11-10.  Reflection  of  Sandwiches  with  Cores  of  High  Dielectric  Con- 
stant. —  The  reflection  of  a  sandwich  is  zero  for  all  thicknesses  of  the  core 
when  the  dielectric  constant  of  the  core  is  equal  to  the  square  of  the  dielec- 
tric constant  of  the  skin  and  the  thickness  of  the  skin  is  equal  to  an  odd 
multiple  of  one  quarter  wavelength  in  the  skin  (Sees.  10-6  and  12-5). 
In  order  to  design  a  sandwich  wall  so  that  the  reflection  for  all  values  of 
core  thickness  is  zero  at  a  given  angle  of  incidence  (6S)  say),  we  substitute*. 
for  the  actual  dielectric  constants  es  and  ec  of  skin  and  core  respectively 
the  corresponding  equivalent  values  c(^)s  and  e(N0)r  (for  perpendicular 
polarization)  or  e(po)S  and  e(J,0)r  (for  parallel  polarization),  as  per  Kqs. 
(1)  and  (2).  The  skin  thickness  at  either  polarization  for  the  arbitrary 
incidence  case  [cf.  Eq.  (4)]  is  given  by 


Vc^sm~*Ta  =  —>  (12) 

AO  ^ 

where  N  is  zero  or  a  positive  integer.  If  the  core  thickness  is  now  chosen 
so  that  the  reflection  of  the  sandwich  as  a  whole  is  zero  at  some  other 
angle  of  incidence  (0P,  say),  then  for  the  given  polarization,  there  will  be 
at  least  two  angles  of  incidence  for  which  the  reflection  of  the  sandwich  is 


328        ELECTRICAL  DESIGN  OF  STREAMLINED  RADOMES      [SBC.  11-11 

zero.  Although  this  type  of  design  has  not  been  studied  in  detail,  it 
seems  reasonable  to  believe  that  with  a  suitable  choice  of  materials  and  of 
08  and  0f,  a  low  reflection  over  a  wide  range  of  angles  of  incidence  might  be 
obtained.  One  possible  combination  of  values  for  the  dielectric  constants 
of  the  skin  and  core  is  given  by  68  =  0°,  aa  =  3.0,  ac  =  9.0.  This 
arrangement  requires  a  core  material  of  high  dielectric  constant;  such 
materials  are  discussed  in  Sec.  13-13.  Another  set  of  values  for  per- 
pendicular polarization  is  0S  =  30°,  aa  =  1.7,  OLC  =  3.0.  This  requires 
a  conventional  high-strength  laminate  for  the  core  with  an  expanded 
material  of  low  dielectric  constant  for  the  faces  (see  Sec.  13-13).  This 
construction  can  be  generalized  by  having  three  or  more  types  of  material 
symmetrically  arranged,  with  the  material  of  lowest  dielectric  constant  on 
the  outside  and  a  layer  of  the  material  of  highest  dielectric  constant  in 
the  center  of  the  sandwich,  or  by  using  material  whose  dielectric  constant 
varies  continuously  from  a  low  value  at  each  surface  to  a  maximum  value 
at  the  center.  Such  an  arrangement  is  analogous  to  a  broad-banded 
transformer  in  a  transmission  line.1  Favorable  strength /weight  and 
stiffness/weight  ratios,  as  are  obtained  with  sandwiches  with  high-density 
faces  and  low-density  cores,  should  not  be  expected  from  any  of  these 
arrangements  which  have  cores  of  dielectric  constant  higher  than  that  of 
the  skins. 

11-11.  Transmission  of  Lossy  Sandwiches. — The  theory  of  the  trans- 
mission of  power  by  lossy  sandwiches2  is  developed  in  Sec.  12-6,  Eq. 
(12-112)  giving  a  good  approximation  for  the  maximum  transmission  of 
the  symmetrical  lossy  sandwich.  As  a  basis  for  general  discussion  we  can 
take  the  somewhat  rougher  approximation  given  by  Eq.  (12-115).  Tt  is 

\T\I  -  ma. 


|  lossy 


4Q.  +  2Qr,  (13) 

\-L  10 
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In  all  practical  cases  the  loss  in  transmission  will  be  a  little  greater  than 
the  value  given  by  Eq.  (13). 

In  the  sandwich  having  thin  skins  the  thickness  of  the  core  is  approxi- 
mately a  half  wavelength  in  the  material  of  the  core,  X0/2  -\/~ac.  For 
such  sandwiches  Qc  «  (7r/2)(tan  5C  \fac/\/ac  —  sin2  00),  so  the  frac- 
tional absorption  attributable  to  the  core  2QC  is  about  TT  tan  8C  for  inci- 

1  C/.  J.  C.  Slater,  Microwave  Transmission,  McGraw-Hill,  New  York,  1942,  p.  57. 

2  For  a  more  detailed  treatment  of  this  subject  see  Y.  N.  Dowker,  "Transmission 
of  Sandwiches  with  Low-loss  Skins  and  Cores,"  RL  Report  No.  483-22,  1945. 
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dence  close  to  normal.  Qa  and  Qc  both  increase  with  increasing  angle  of 
incidence,  the  relative  increase  being  greater  for  materials  of  low  dielec- 
tric constant. 

The  increase  of  loss  in  transmission  with  increasing  angle  of  incidence 
is  also  greater  for  perpendicular  polarization  than  for  parallel  polariza- 
tion; this  increase  appears  in  the  secondary  factors  of  Eq.  (12-112)  that 
express  the  effects  of  multiple  reflection.  As  with  homogeneous  sheets 
(cf.  Sec.  11-5),  these  factors  become  important  for  high  angles  of  incidence, 
particularly  for  perpendicular  polarization. 

11-12.  Experimental  Results  on  the  Transmission  of  Typical  Sand- 
wiches.— The  theory  of  the  transmission  of  homogeneous  panels  and  of 
sandwiches  has  been  discussed  in  preceding  sections  of  this  chapter. 


Sample  rotating  about  vertical 

axis  intersecting  the  axis  of 

the  transmitting  dish 


Tuner 


Bolometer 


Shorted 
line 


Sample  holder 


Voltmeter  [ — [  Amplifier 
Absorbing  screen 


Fio.  11-25. — Equipment  for  free-apace  measurement  of  transmission  of  panels  at  arbitrary 

incidence. 

Although  the  theory  seems  to  be  correct  and  is  useful  as  the  basis  for 
design,  it  is  nevertheless  desirable  to  have  an  experimental  method  for 
studying  the  transmission.  This  is  especially  important  for  sandwiches 
because  of  the  variability  of  their  dielectric  constants,  loss  tangents,  and 
thicknesses  and  the  difficulty  of  making  proper  allowance  for  the  skin- 
core  bond.  The  experimental  test  on  a  plane  panel  is  a  necessary  inter- 
mediate step  between  the  study  of  theoretical  contour  charts  and  the 
actual  design,  fabrication,  and  testing  of  a  streamlined  sandwich  radome. 

Experimental  Methods. — Apparatus  in  which  samples  of  the  materials 
under  test  can  be  inserted  into  transmission  lines,  particularly  wave- 
guides, has  been  found  to  be  of  limited  usefulness,  principally  because  of 
the  smallness  of  the  area  tested  in  any  one  sample  and  because  of  the 
difficulties  of  preparing  an  adequate  number  of  representative  test 
samples  of  the  material.  The  free-space  method  to  be  described  has 
therefore  been  developed. 

Figure  11-25  shows  the  equipment  used  for  such  measurements.  The 
transmitting  and  receiving  antennas,  each  with  paraboloidal  reflectors, 
are  arranged  with  their  axes  horizontal  and  coincident  and  their  separa- 
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tion  D  about  12  to  16  ft.  The  distance  d  from  the  transmitting  antenna 
to  the  panel  ranges  from  12  to  15  in.  It  must  be  great  enough  to  allow 
the  panel  to  be  tilted  through  the  desired  angles  without  interfering 
mechanically  with  the  transmitting  antenna.  Arrangements  for  altering 
both  d  and  D  by  X0/4  are  provided.  The  axis  about  which  the  sample 
holder  rotates  is  vertical  and  intersects  the  common  axis  of  the  antennas. 
Absorbing  screens  are  placed  around  the  equipment  to  reduce  the  effects 
of  reflection  of  stray  radiation. 

In  order  that  voltmeter  readings  may  be  proportional  to  received 
power,  a  square-law  detector  is  used.  The  receiving  line  is  tuned  for  the 
maximum  value  of  received  power  with  no  sample  in  place;  and  by  alter- 
ing the  attenuation  in  the  transmitting  line  or  the  gain  on  the  amplifier, 
the  voltmeter  needle  is  set  in  about  the  middle  of  its  scale. 

For  a  chosen  polarization,  voltmeter  readings  arc  taken  for  each 
of  four  settings  of  d  and  D,  at  each  of  a  reasonably  large  number  of  values 
of  the  angle  of  incidence.  The  four  pairs  of  values  of  d  and  D  used 
at  each  angle  of  incidence  are  (1)  rf0,  Do;  (2)  d0  ±  X0/4,  D0;  (3)  (Jo  ±  X«,/4, 
Do  ±  X0/4;  (4)  do,  Do  +  X0/4,  where  d(]  and  D()  are  the  initial  values  of 
the  distances  d  and  D  shown  in  Fig.  11-25.  Varying  the  distances  d  and 
/)  by  a  quarter  wavelength  and  taking  the  averages  of  the  readings  so 
obtained  serve  to  nullify  the  effects  of  extraneous  reflections,  varying 
thicknesses  of  the  panels,  and  noninteraction  of  the  axes  of  the  antennas 
and  the  axis  of  rotation  of  the  panel.  The  power  output  of  the  trans- 
mitter is  checked  by  occasional  reading  of  the  voltmeter  at  0  =  20°, 
d  =  do,  D  =  D0.  It  has  been  found  sufficient  to  take  readings  at  6  =  10°, 
20°,  30°,  40°,  50°,  55°,  60°,  65°,  and  70°.  Voltmeter  readings  taken  at 
0  =  0°  are  unreliable  and  are  not  used  because  reflection  into  the  trans- 
mitting line  results  in  pulling.  To  obtain  power  transmission  in  per  cent 
for  a  given  value  of  0,  we  divide  each  of  the  four  voltmeter  readings  at 
that  value  of  9  by  the  no-sample  reading  and  take  the  arithmetical  mean 
of  the  quotients.  The  results  are  plotted  graphically  and  connected  by 
a  smooth  curve.  The  process  is  repeated  for  the  other  polarization,  and 
the  resulting  graph  superimposed  on  the  first.  Since  the  transmission 
at  0  =  10°  does  not  differ  significantly  from  that  at  8  =  0°,  the  two  curves 
can  be  extrapolated  to  a  common  value  for  6  =  0°.  Figures  11-28  and 
11-29  show  such  curves.  Numerous  experiments  show  that  such  trans- 
mission measurements  are  reproducible  to  within  2  per  cent  by  different 
observers  and  different  equipment,  even  without  extreme  care  being 
taken  in  the  alignment  of  the  axes  of  the  antennas  and  the  axis  of  rota- 
tion of  the  sample.  The  apparatus  has  been  further  developed  to 
give  autographic  records  of  transmission. 

The  Thin-skinned  Sandwich  with  Low-density  Core. — The  type  of 
sandwich  panel  that  has  been  studied  in  greatest  detail  is  one  upon  which 
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the  specifications  for  a  saucer-shaped  streamlined  radome  for  the  Boeing 
B-29  airplane  have  been  based;  the  radome  (Fig.  14-1)  houses  the  scanner 
with  the  60-in.  reflector  of  the  AN/APQ-13  system  (Sec.  0-11).  This 
sandwich  panel  consists  of  skins  of  four  layers  of  ECC-128  Fiberglas 
cloth  bonded  with  low-pressure  resin  (Laminae  X-4000  of  the  American 
Cyanamid  Company)  and  a  core  made  of  a  fine-cell  GR-N  synthetic  hard 
rubber  foam  with  a  density  of  about  12  lb/ft3.  The  fabrication  tech- 
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Fiu.  1 1  -26.—  Effert  of  over-all  thickness  on  transmission  of  sandwiches  with  Fiberglas  skills. 

nique  is  the  "single-stage,  wet  lay-up"  procedure.1  The  actual  thickness 
of  the  skin  is  about  0.030  in.,  and  its  effective  thickness  is  about  0.040  in. 
The  tests  were  made  at  a  wavelength  of  3.2  cm.  Figures  ll-26a  and 
11-266  show  curves  of  power-transmission  coefficient  at  perpendicular 
and  at  parallel  polarization,  for  a  series  of  such  plane  sandwich  panels 
made  by  the  same  fabricator;  the  panels  differ  only  in  over-all  thickness. 
The  power-transmission  coefficient  |7'|2  at  normal  incidence  for  the  sand- 
niches  is  obtained  by  extrapolating  the  transmission  curves  for  parallel 
arid  perpendicular  polarization  back  from  10°  incidence  to  a  common 
igcc  Sec.  13-6. 
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value  at  0°  incidence.  In  Table  11-9  are  given  the  values  of  \T\2  and 
\R |2  for  normal  incidence  and  the  values  of  | T\2  at  the  peak  transmission 
and  at  70°  incidence  for  each  polarization.  In  general,  |7T|2  is  less  than 
1  —  |7? |2  because  of  absorption  of  power  in  the  panel. 

TABLE  11-9. — TRANSMISSION  CJIIARA^TKHISTICS  OF  SANDWICH  PANELS 
X0  =  3.2  cm 


Normal  incidence 

\T\Z  at  peak  value 

|T|  2  at  70°  incidence 

Over-all 

Panel 
No. 

thickness, 
h,  in. 

M'by 
extra- 
polation 

W2 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 
zation 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 
zation 

1445 

0.317 

0.940 

0.002 

0.94 

0.95 

0.78 

0.47 

1446 

0.354 

0.940 

0.006 

0.95 

0.96 

0.78 

0.54 

1447 

0  407 

0.900 

0.011 

0.93 

0.94 

0  77 

0.66 

1408 

0.407 

0.880 

0.069 

0.96 

0.95 

O.S7 

0.78 

1363 

0.425 

0.850 

0.092 

0.95 

0.92 

0.87 

0.86 

The  measured  transmission  of  these  panels  agrees  in  a  general  way  with 
theoretical  considerations.  Panel  1445  is  seen  to  be  almost  a  normal 
incidence  design;  the  reflection  at  normal  incidence  is  very  small,  while  the 
transmission  at  parallel  polarization  is  very  good  up  to  about  55°  inci- 
dence and  thereafter  falls  off  sharply.  The  transmission  at  perpendicular 
polarization,  however,  begins  to  fall  off  at  about  30°  incidence.  Panel 
1446  is  slightly  thicker  than  Panel  1445;  the  behavior  at  perpendicular 
polarization  is  slightly  improved.  Panel  1447  is  still  thicker;  its  trans- 
mission at  parallel  polarization  is  slightly  poorer  than  that  of  the  preced- 
ing panels,  while  the  transmission  at  perpendicular  polarization  is  now 
uniformly  good  up  to  about  60°  incidence.  Panel  1408  is  seen  to  have  the 
same  thickness  as  1447  but  a  higher  value  of  \R\2  at  normal  incidence,  sug- 
gesting that  the  first-mentioned  panel  has  a  greater  value  of  effective  skin 
thickness.  The  transmission  of  Panel  1408  at  perpendicular  polarization 
is  nearly  as  good  as  at  parallel  polarization.  Finally,  for  the  thickest  panel 
in  the  series,  1363,  the  transmission  at  70°  incidence  for  both  polarizations 
is  the  same  as  at  normal  incidence;  this  panel  may  be  considered  as  repre- 
senting a  construction  having  optimum  transmission  characteristics  for 
many  streamlined  radomes. 

Effect  of  Skin  Resin. — Resins  used  in  sandwich  construction  differ 
appreciably  in  dielectric  constant  and  loss  tangent,  ease  of  manipula- 
tion in  fabrication,  cost,  and  resistance  to  weathering.  Experiments 
with  different  resins  indicate  that  there  is  not  too  much  difference  in 
characteristics  of  sandwich  transmission  if  the  over-all  sandwich  thickness 
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h  is  reduced  slightly  when  resins  of  higher  dielectric  constant  are  used. 
Tests  were  made  on  sandwiches  with  the  following  resins  used  in  the 
skins:  Laminae  X-4000  polyester-styrene  resin  (American  Cyanamid 
Company),  Bakelite  BRS  16631  polyester-styrene  resin  (Bakelite  Cor- 
poration), Plaskon  911  resin  (Plaskon  Corporation),  Styramic  HT 
dichlorostyrene  resin  (Monsanto  Chemical  Company),  and  Bakelite 
BV17065  phenolic  resin  (Bakelite  Corporation).  The  electrical  charac- 
teristics of  these  panels  are  summarized  in  Table  11-10.  All  appear  to 
be  suitable  where  good  transmission  over  a  range  of  angles  of  incidence 
from  normal  incidence  to  70°  is  required  at  both  polarizations;  the  trans- 
mission is  approximately  the  same  at  both  ends  of  this  range  of  angles  of 
incidence.  Information  concerning  the  mechanical  properties  of  this 
type  of  sandwich  construction  is  given  in  Sec.  13-10. 

TABLK  11-10. — TRANSMISSION  (IHARACTKHISTICS  OK  SANDWICH  PANKLS 
X0  =  3.2  cm 


Rosin 

Panel 
No. 

Panel 
thick- 
ness h} 
in. 

Normal 
incidence 

\T  2  at  peak 
value 

T  2  at  70° 
incidence 

\T\'  by 
extra- 
polation 

\R\* 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 
zation 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 
zation 

X-4000 

1363 

0.425 

0.850 

0.092 

0.95 

0.92 

0.87 

0.86 

X-4000 

1074 

0.450 

0.845 

0.096 

0.96 

0.94 

0.85 

0.85 

BRS  16631 

1508 

0.457 

0.860 

0.086 

0.94 

0.94 

0.83 

0.84 

BRS  16631 

1509 

0.462 

0.825 

0.123 

0.94 

0.93 

0.82 

0.84 

BRS  16631 

1122 

0.455 

0.830 

0.120 

0.93 

0.92 

0.83 

0.87 

PL  911 

1077 

0.444 

0.850 

0  .  105 

0.96 

0.95 

0.85 

0.82 

PL  91  1 

1277 

0.423 

0.835 

0.072 

0.96 

0.91 

0.84 

0.79 

Styramic 
HT 

1549 

0.455 

0.900 

0.079 

0.98 

0.98 

0.87 

0.83 

B  VI  7065 

1547 

0.431 

0.870 

0.068 

0.97 

0.92 

0.83 

0.76 

Asymmetrical  Sandwiches. — Asymmetrical  sandwiches  werfe  fabricated 
as  discussed  above,  except  that  instead  of  using  four  layers  of  Fiberglas 
fabric  to  form  each  skin,  one  skin  was  fabricated  from  three  layers  of 
fabric  and  the  other  from  five  layers.  The  resin  used  was  Bakelite  BRS 
16631.  The  electrical  characteristics  of  such  Panels  1318  and  1319  are 
summarized  in  Table  11-11. 

It  appears  that  Panel  1318  represents  a  satisfactory  construction 
where  good  transmission  over  a  range  of  angles  of  incidence  is  required  at 
parallel  polarization.  Panel  1319  has  good  transmission  characteristics 
at  both  polarizations  from  normal  incidence  to  70°  incidence.  Comparing 
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this  panel  with  the  corresponding  symmetrical  Panels  1508,  1509,  and 
1122,  it  is  seen  that  all  these  panels  are  equally  satisfactory  electrically. 
Mechanical  properties  of  these  asymmetrical  sandwich  panels  are  dis- 
cussed in  Sec.  13-10. 

TABLE  11-11 . — TRANSMISSION  CHAKACTNHISTICS  OF  ARYMMETRK'AL  SANDWICH  PANELS 

X  n  =  3.2  em 


Panel 
No. 

Panel 
thickness, 
h,  in. 

Normal  incidence 

|7'|2  at  peak  value 

|7'|2at  70°  incidence 

\T\* 

|fi|- 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 
zation 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 
zation 

1318 

0.407 

0.920 

0.052 

0.98 

0.95 

0.80 

0.75 

1319 

0.482 

0  .  805 

0.104 

0.95 

0.93 

0.87 

0.88 

Honeycomb  Core  Construction. — A  series  of  sandwich  panels  has  been 
fabricated  using  Fiberglas  "honeycomb"  (hexagonal  grid)  core,  the  core 
and  skins  being  impregnated  with  Plaskon  911  resin.  This  series  of 
panels  is  of  interest  in  showing  the  effect  of  both  skin  thickness  d'g  and 
over-all  sandwich  thickness  h  on  transmission  behavior.  The  electrical 
characteristics  of  these  honeycomb  core  sandwich  panels  are  listed  in 
Table  11-12,  and  their  mechanical  properties  are  discussed  in  Sec.  13-10. 

11-12. Kf.KCJTRICAL    CHARACTERISTICS    OF   SANDWICH   PANELS 

WITH  HONEYCOMB  CORES 
AO  =  3.2  cm 


Panel 
No. 

Skin 

thick- 
neSH  (/I, 

in. 

Panel 
thick- 
ness /i, 
in. 

0.340 

Normal 
incidence 

|7'|2  at  peak 
value 

\T\*  at  70° 
incidence 

\T  » 
0.930 

]*l2 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 
zation 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 
zation 

1514 

0.040 

0.034 

0.96 

0.95 

0.90 

0.63 

1515 

0.040 

0.405 

0.840 

0.133 

0.95 

0.93 

0.93 

0.79 

1425 

0.040 

0.436 

0.760 

0.186 

0.91 

0.91 

0.81 

0.85 

1424 

0.040 

0.479 

0.730 

0.224 

0  94 

0.90 

0.88 

0.88 

1517 

0.030 

0.455 

0.860 

0.123 

0.96 

0.96 

0.88 

0.84 

1400 

0.030 

0.470 

0  830 

0.134 

0.97 

0,94 

0.89 

0.87 

1427 

0.030 

0.532 

0  780 

0.128 

0.95 

0  91 

0.89 

0.89 

1426 

0.020 

0.489 

0.965 

0.032 

0.99 

0.99 

0.93 

0.84 

The  power-transmission  coefficients  of  the  sandwich  panels  whose  skin 
thickness  is  equal  to  0.040  in.  are  plotted  in  Fig.  1 1-27;  the  transmission 
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characteristics  of  the  other  sandwich  panels  given  in  Table  11-12  are 
shown  in  Fig.  11-28. 

Panels  1514  and  1426  are  seen  to  be  nearly  of  normal-incidence 
design;  these  panels  have  good  transmission  characteristics  at  parallel 
polarization  between  normal  incidence  and  70°  incidence.  This  is  espe- 
cially true  for  Panel  1426  which  also  has  fairly  good  transmission  at  per- 
pendicular polarization;  such  behavior  is  attributable  to  its  extremely 
thin  skins.  Panel  1515  (skin  thickness  equal  to  0.040  in.)  corresponds 
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FIG.  11-27. — Transmission  characteristics  of  sandwiches  with  honeycomb  OOICH. 

roughly  to  Panels  1517  and  1400  (d'a  =  0.030  in.).  These  panels  repre- 
sent satisfactory  designs  where  good  transmission  characteristics  are 
required  from  normal  incidence  to  70°  incidence  at  perpendicular  polariza- 
tion. A  decrease  of  0.010  in.  in  skin  thickness  is  seen  to  correspond  to  an 
increase  of  about  0.050  in.  in  over-all  sandwich  thickness.  In  Fig. 
ll-27o  it  is  seen  clearly  that  in  accord  with  theory,  increase  in  sandwich 
thickness  at  first  increases  the  transmission  at  perpendicular  polarization 
at  high  angles  of  incidence  without  too  greatly  reducing  the  transmission 
at  low  angles  of  incidence.  As  the  thickness  of  the  sandwich  is  further 
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increased,  the  transmission  at  low  angles  of  incidence  is  decreased  with- 
out very  much  improvement  in  the  transmission  at  70°  incidence.  With 
increase  in  sandwich  thickness,  the  angle  of  incidence  corresponding  to 
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Fie*.  11-28. — Transmission  characteristics  of  sandwiches  with  honeycomb  cores. 

peak  transmission  at  perpendicular  polarization  increases.  At  the  peak 
transmission  the  reflection  is  presumably  very  small.  As  the  thickness 
of  the  sandwich  is  increased  the  peak  transmission  falls  off  as  it  moves 
to  higher  angles  of  incidence.  This  is  presumably  due  to  the  increase  in 
absorption  with  angle  of  incidence  at  this  polarization. 
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Sandwiches  with  Fiber- A  Skins. — Fiber-A  fabric  is  of  interest  for  the 
construction  of  radomes,  especially  of  streamlined  radomes,  on  account  of 
its  low  moisture  absorption;  laminates  of  Fiber-A  with  the  usual  low- 
pressure  resins  have  lower  dielectric  constants  and  loss  tangents  than 
laminates  of  Fiberglas  fabric  with  the  same  resins  (cf.  Sec.  13-14).  Sand- 
wich panels  with  skins  of  Fiber-A  fabric  laminated  with  Bakelite  BRS 
16631  resin  have  been  made  with  cores  of  synthetic  rubber  foam.  The 
three  sandwich  panels  listed  in  Table  11-13  have  skins  0.039  in.  thick. 
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Fm.  11-29.  —  Transmission  characteristics  of  sandwiches  with  Fiber-A  a 


70 


The  table  gives  the  electrical  characteristics  of  these  panels  ;  their  mechan- 
ical properties  are  discussed  in  Sec.  13-10.  Transmission  curves  for  the 
above  three  sandwich  panels  are  given  in  Fig.  11-29  for  comparison  with 
the  transmission  behavior  of  Fiberglas  sandwich  panels. 

Sandwiches  with  Cotton  Fabric  Skins.  —  In  view  of  the  availability  and 
cheapness  of  cotton  fabric  and  the  ease  of  fabrication  of  sandwiches  with 
skins  of  this  material,  one  might  think  that  it  could  be  used  for  radomes. 
Tn  order  to  have  the  same  flexural  strength  as  Fiberglas  skins,  cotton 
fabric  skins  must  be  thicker  (cf.  Sec.  13-9).  This  requirement,  together 
with  the  high  loss  tangent  that  cotton  laminates  have  under  ordinary 
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conditions,  leads  to  excessive  electrical  absorption.  This  absorption 
becomes  worse  under  extreme  conditions  of  temperature  and  humidity, 
as  experienced  in  tropical  climates.  The  use  of  this  fabric  for  microwave 
radomes  is  therefore  inadvisable. 

TABLE  11-13. — ELECTRICAL  CHARACTERISTICS  OF  FiBKR-A  SANDWICH  PANELS 

X0  =  3.2  cm 


Normal 

\T  2  at  peak 

[T7!2  at  70° 

No   of 

incidence 

value 

incidence 

Panel 

Panel 
No. 

plies  in 
each 
skin 

thick- 
ness /i, 
in. 

|r« 

|"l2 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 

Parallel 
polari- 
zation 

Perpen- 
dicular 
polari- 

zation 

zation 

1327 

3 

0.475 

0.905 

0.045 

0.97 

0.95 

0.87 

0.81 

1379 

3 

0.525 

0.865 

0.099 

0.97 

0.94 

0.93 

0.91 

1440 

6 

0.532 

0.860 

0.052 

0.96 

0.95 

0.86 

0.85 

11-13.  Elliptical  Polarization. — When  a  plane  polarized  wave  passes 
through  a  panel  at  oblique  incidence,  it  suffers  a  retardation  in  phase 
that  is  different  for  parallel  and  perpendicular  polarizations.  If  the  plane 
of  polarization  lies  at  an  angle  between  parallel  and  perpendicular,  the 
wave  can  be  thought  of  as  consisting  of  two  such  polarized  components. 
These  components  will  undergo  a  relative  shift  of  phase  in  passing  through 
the  panel,  and  the  emerging  resultant  wave  will  be  elliptically  polarized. 
The  theory  of  this  effect  is  discussed  in  Sec.  12-7,  wherein  it  is  shown  that 
the  result  is  always  a  weakening  of  the  radar  signals. 

The  designer  of  radomes  needs  to  know  whether  or  not  this  effect 
is  ever  serious  and,  if  so,  under  what  circumstances.  The  answer  appears 
to  be  that  it  will  not  be  serious  for  well-designed  radomes  that  are  other- 
wise satisfactory.  It  is  difficult,  however,  to  make  a  general  argument 
that  will  apply  to  all  cases.  All  proposed  radomes  should  be  carefully 
scrutinized  to  see  whether  or  not  they  are  likely  to  give  trouble  on  this 
account.  The  calculations  required  can  be  laborious;  it  will  often  be 
easier  to  investigate  the  effect  experimentally.  Apparatus  similar  to 
that  described  in  Sec.  11-12  and  illustrated  in  Fig.  11-25  can  be  used. 
If  a  reflecting  sheet  of  metal  is  placed  so  as  to  reflect  the  transmitted 
wave  back  through  the  sheet  into  the  transmitting  antenna,  standing 
waves  will  be  produced  in  the  v-f  line  from  the  oscillator  to  the  antenna. 
The  shift  of  phase  of  the  reflected  wave  can  be  determined  from  the  shift 
of  the  pattern  of  standing  waves  that  is  observable  in  a  slotted  section  of 
the  r-f  line. 

Before  the  importance  of  this  effect  can  be  judged,  it  is  necessary  to 
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set  up  a  criterion  of  satisfactory  performance.  Let  us  make  the  con- 
servative assumption  that  a  radome  will  be  satisfactory  if  the  variation 
between  maximum  and  minimum  received  power  is  no  more  than  1  db  as 
the  plane  of  polarization  is  rotated.  This  condition  is  to  be  satisfied 
at  every  angle  of  incidence  in  the  range  for  which  the  radome  was  designed. 

When  the  received  signals  for  the  two  principal  polarizations  are  equal 
(assuming  equal  reflection  by  the  target).,  the  minimum  power  will  be 
received  at  settings  of  the  plane  of  polarization  of  45°,  135°,  etc.,  and  have 
a  value  that  is  (1  +  cos  5)/2  times  the  maximum  [see  Eq.  (12-119); 
sin  \l/  =  cos  \l/  =  V2/2].  The  angle  5  is  the  relative  shift  of  phase  result- 
ing from  two  travcrsals  of  the  radome.  One  decibel  is  equivalent  to  a 
ratio  of  0.79,  so  we  have  1  +  cos  5  =  2  X  0.79,  or  cos  6  =  0.58.  If, 
however,  we  assume  that  the  received  power  at  perpendicular  polariza- 
tion is  just  0.79  times  that  at  parallel  polarization,  we  have  to  find  the 
limiting  value  of  cos  8  that  will  give  no  further  decrease  of  power  at  any 
other  value  of  ^.  By  Eq.  (12-121)  and  its  discussion,  this  is  seen  to  be 
COM  5  =  -\/0.79  =  0.89.  This  second  value  for  cos  6  is  more  restrictive 
mid  will  therefore  be  taken  as  tho  one  to  be  used.  The  corresponding 
value  of  5  is  27°.  By  this  criterion,  any  radome  that  gives  a  maximum 
relative  phase  displacement  of  13-5°  or  less  in  one  traversal  should  be 
considered  satisfactory. 

The  phase  shifts  in  sheets  of  dielectric  material  can  readily  be  calcu- 
lated. It  is  necessary  to  take  some  upper  limit  for  the  allowed  reflection. 
A  value  of  0.11,  corresponding  to  a  loss  of  1  db  for  two  traversals  of  the 
radome,  is  consistent  with  the  previously  chosen  criterion  for  allowable 
shift  of  phase.  For  materials  of  dielectric  constant  less  than  about  5c0 
the  thickness  must  be  enough  greater  than  a  half  wavelength  to  give  this 
value  of  reflection  at  normal  incidence.  The  reflection  goes  to  zero 
at  a  larger  angle  of  incidence  and  then  rises  rapidly  (see  Fig.  11-9). 
As  the  dielectric  constant  approaches  5e0,  tho  angle  of  incidence  for  which 
the  reflection  becomes  zero  approaches  90°.  For  higher  values  of  the 
dielectric  constant  the  appropriate  thickness  is  the  one  that  corresponds 
to  0  =  180°  either  for  grazing  incidence  or  for  the  largest  angle  of  inci- 
dence that  will  be  encountered  in  practice.  The  general  principle  for 
keeping  5  small  is  to  make  the  departures  from  the  modified  half -wave- 
length thickness  small  for  the  higher  angles  of  incidence,  for  which  the 
interface  reflection  is  large.  [Equations  (12-117)  and  (12-118)  show  that 
it  is  desirable  to  keep  tan  <£  small  for  large  values  of  r2.]  The  power- 
reflection  coefficient  at  normal  incidence  is  less  than  0.11  for  all  such 
sheets  of  dielectric  constant  above  5e0  and  has  still  lower  values  at  inter- 
mediate angles.  If  the  shifts  of  phase  are  calculated  for  an  array  of 
such  panels,  it  is  found  in  all  cases  that  the  shifts  are  less  than  the  allow- 
able 13.5°  when  the  power-reflection  coefficient  for  a  perpendicularly 


340         ELECTRICAL  DESIGN  OF  STREAMLINED  RADOMES    [Sac.  11-13 

polarized  wave  is  less  than  0.11.  Larger  shifts  of  phase  will  be  found  for 
panels  that  reflect  more  energy;  but  if  this  increased  reflection  is  permis- 
sible, the  restriction  on  the  shift  of  phase  can  be  relaxed.  The  general 
conclusion  is  that  the  shift  of  phase  is  negligible  for  any  well-designed 
radomc. 

The  same  general  conclusion  may  be  expected  to  be  valid  for  sym- 
metrical sandwich  radomes.  The  shift  of  phase  and  the  minimization  of 
the  reflection  are  different  effects  of  the  multiple  reflection  that  is  funda- 
mentally the  same  both  for  homogeneous  sheets  and  for  sandwiches. 
The  relation  between  the  two  effects  should  therefore  be  much  the  same 
in  both. 


CHAPTER  12 

THEORY  OF  THE  REFLECTION  AND  TRANSMISSION 
OF  ELECTROMAGNETIC  WAVES  BY  DIELECTRIC  MATERIALS 

BY  H.  LEADERMAN  AND  L.  A.  TURNER 

Many  questions  that  arise  in  the  design  of  radomes  can  be  answered 
by  reference  to  the  theory  of  reflection  and  transmission  of  plane  electro- 
magnetic waves  by  infinite  sheets  of  dielectric  material.  The  basic 
theory  is  developed  in  the  standard  textbooks1  on  optics  and  electro- 
magnetic waves.  This  chapter  presents  a  brief  review  of  the  funda- 
mentals, a  selection  of  some  of  the  familiar  results  that  are  needed  for  the 
discussion,  and  further  development  for  special  cases  of  interest  in  con- 
nection with  radomes.2  These  cases  were  not  of  much  interest  in  the 
past  and  in  the  standard  books  are  not  treated  so  fully  as  is  desirable  for 
present  purposes. 

12-1.  Plane  Electromagnetic  Waves.  —  As  is  well  known,  Maxwell's 
equations  for  the  electric  and  magnetic  fields  in  space  can  be  manipulated 
to  yield  the  following  differential  equation 

dzM 


In  this  equation  M  can  represent  any  one  of  the  three  components  of  the 
electric  field  or  any  one  of  the  three  components  of  the  magnetic  field, 
«  is  the  dielectric  constant  of  the  medium,  and  n  is  its  permeability.  One 
solution  of  this  equation  has  the  form 


M  =  f  (ax  +  Py  +  TZ  ---  r\  (2) 

\  VW 


where/  is  any  analytical  function  of  the  quantity  in  the  parentheses.     For 
this  expression  for  M  to  be  a  solution  of  Eq.  (1),  it  is  necessary  that 

«2  H-/32  +  72  =  1.  (3) 

When  the  quantities  a,  (3,  and  7  are  real  numbers,  they  are  the  direction 
cosines  of  the  common  normal  to  a  set  of  parallel  planes,  each  of  these 

1  P.  Drude,  Theory  of  Optics,  Longmans,  New  York,  1939;  J.  A.  Stratton,  Electro- 
magnetic Theory,  1st  ed.,  McGraw-Hill,  New  York,  1941. 

2  The  applications  to  radomes  have  been  worked  out  in  great  detail  in  numerous 
reports  of  the  Radiation  Laboratory,  principally  by  R.  M.  Redheffer,  and  in  similar 
reports    from    TRE    (Telecommunications    Research    Establishment)    in    England, 
principally  by  J.  B.  Birks. 
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planes  being  represented  by  the  equation  ax  +  @y  +  72  =  P-  The 
planes  differ  in  their  values  of  p,  which,  it  may  be  recalled,  represents 
the  distance  of  such  a  plane  away  from  the  origin,  as  measured  along  the 
normal  to  the  plane.  Equation  (2)  represents  a  plane  wave,  since  at 
every  point  on  a  plane  having  the  equation  ax  +  py  +  72  =  p  the  com- 
ponent M  has  the  same  value 


At  the  instant  t  =  0,  Eq.  (4)  reduces  to  M  =  f(p),  the  simplest  expression 
for  the  form  of  the  whole  wave.  Since  /(p)  is  an  entirely  arbitrary  func- 
tion of  p,  the  wave  may  be  of  any  shape.  It  is  sinusoidal  if  /(p)  is  a  sine 
or  cosine  function,  but  it  may  be  a  pulse,  a  saw  tooth,  or  any  other  sort. 

That  Eqs.  (2)  and  (4)  represent  plane  waves  traveling  in  the  direction 
of  increasing  p  with  a  velocity  of  l/V^M  is  readily  seen  as  follows.  Equa- 
tion (4)  shows  that  if  M  has  a  certain  value  for  p  =  p0  and  t  =  h,  it  will 
have  the  same  value  at  the  later  time  t  =  t0  +  At  over  a  plane  further  out 
for  which  p  =  p0  +  (AZ/VWO  >  ^ne  quantity  in  the  parenthesis  keeps  the 
same  value  if  both  these  changes  are  made  in  it.  This  means  that  the 
whole  configuration  of  values  of  M  existing  at  a  time  t  =  t0  will  again  be 
found  jit  the  later  time  t  =  t0  +  At  but  at  a  distance  that  is  increased  by 
AJ/VWi-  The  rate  at  which  this  configuration  travels  out,  i.e.,  the 
velocity  of  the  wave,  is  given  by  the  distance  traveled  A£/\/€M  divided 
by  the  time  in  which  it  was  traversed  A/;  so  the  velocity  of  the  wave  is 

i/\/5. 

One  form  of  Eq.  (2)  that  is  of  use  for  present  purposes  is 

Cfax+fly  +  yz-  ---=) 

M  =  Ae  ^  vV,  (5) 

in  which  both  A  and  C  are  arbitrary  constants  that  may  be  complex 
numbers.  In  particular,  if  we  let  C  take  the  value  —2irj  \/en/T,  p]q.  (5) 
takes  the  more  familiar  and  useful  form 

f  t       (ctt+fty  +  yz)^/^ 

M  =  .4<-H?  T  J  (H) 

Remembering  that  e3*  =  cos  6  -f  j  sin  6,  we  see  that  the  real  part  of  the 
right-hand  side  of  Eq.  (6)  represents  a  sinusoidal  plane  wave.  The 
imaginary  part  also  represents  a  sinusoidal  wave.  The  complete  expres- 
sion is  a  linear  combination  of  the  two  that  is  often  used  because  it  is 
simple  to  handle  mathematically.  The  quantity  T  that  appears  in  Eq. 
(6)  is  the  period  of  the  oscillation,  since  M  takes  the  same  value  whenever 
t  is  increased  by  the  amount  T.  The  reciprocal  of  T  is  the  frequency. 
Similarly  the  space  period,  or  wavelength,  X  is  Tf-^/Tp,  since  M  has  the 
same  value  for  all  values  of  p  that  differ  by  this  amount. 
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It  is  convenient  to  change  the  expression  by  introducing  a  new  quan- 
tity that  becomes  the  ordinary  index  of^  refraction  in  simple  cases.  As 
shown,  the  velocity  of  the  waves  is  l/V^M-  In  vacuum  this  has  the  value 
c  =  I/X/COMO,  CD  and  MO  denoting  the  values  of  €  and  \L  for  free  space. 
(The  numerical  values  depend  on  the  system  of  units  used.)  Let  us 
define  the  constant  n*  characterizing  a  medium  as  the  ratio  of  the 
velocity  in  free  space  to  the  velocity  in  the  medium. 

(7) 

In  the  following  sections  we  shall  be  dealing  only  with  mediums  for  which 
n  =  /io,  so  that  from  now  on  n*  will  be  taken  as  equal  to  V^Ao,  the  square 
root  of  the  specific  dielectric  constant  €/c0-  For  those  mediums  for  which 
e  is  a  real  number,  n*  is  the  ordinary  optical  index  of  refraction.  In 
absorbing  mediums,  however,  for  which  €  is  a  complex  quantity,  n*  is 
no  longer  the  index  of  refraction  in  the  ordinary  sense  but,  as  will  be  shown 
below,  also  expresses  the  absorbing  properties  of  the  medium. 

If  from  Eq.  (7)  V«M  =  n*/c  is  substituted  into  Eq.  (0)  and  X0  set  for 
cT,  we  get 


_ 

M  =  AeT  *  (8a) 

or 

r  '  _n*p'\ 

M  =  Ae    Lr    x.  J.  (86) 

The  product  cT  or  X0  is  the  distance  traveled  in  free  space  by  the  wave  in 
one  period  of  duration  T]  that  is,  it  is  the  wavelength  in  free  space.  The 
quantity  \o/n*  is  the  space  period  or  generalized  wavelength  in  the 
medium  characterized  by  the  constant  n*. 

As  mentioned  above,  the  constant  A  can  be  a  complex  number.  It 
can  be  represented  by  a  +  jb,  in  which  a  and  6  are  both  real  numbers. 
It  will  be  remembered  that_the_  complex  number  a  +  jb  can  also  be 
written  as  Re*  if  R  =  -v/oM-T"  and  ^  =  tan-1  (b/a).  If  f  or  A  ,  Re*  is 
substituted  into  Eq.  (86),  it  is  clear  that  R  is  the  real  amplitude  of  the 
M-wave  and  the  angle  ^  that  combines  with  the  other  exponent  is  a 
phase  angle.  The  complex  amplitude  A  thus  expresses  both  amplitude 
and  phase. 

12-2.  Absorbing  Mediums.  —  (This  section  and  the  following  one  can 
be  omitted  by  any  reader  who  does  not  wish  to  go  into  the  complications 
of  the  behavior  of  waves  in  absorbing  mediums,  without  prejudice  to  his 
understanding  of  the  further  considerations  of  lossless  dielectrics.) 

As  is  discussed  at  length  elsewhere,1  the  behavior  of  lossy  dielectrics 

1  For  example,  A.  von  Hippel  and  R.  G.  Breckenridge,  "The  Interaction  botwe«n 
Electromagnetic  Fields  and  Dielectric  Materials,"  NDRC  14-122,  January  1943. 
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can  be  described  by  attributing  to  them  a  complex  dielectric  constant 

e  =  «'  -  ji"  (9a) 

or 

€  =  €'(l  _  j  tan  5).  (9ft) 

where  tan  5  =  e"/e'. 

Let  us  now  consider  the  implications  of  Eq.  (8fr)  in  a  case  for  which  a, 
0,  and  7  are  still  real  numbers  but  e  is  complex.     We  have 


\/l  —  j  tan  5;  (10) 

n*  is  thus  a  complex  number  if  e  is  complex.     If  AVC  put  it  equal  to  g  —  jh, 
where  g  and  h  are  real  positive  numbers,  we  then  have 


n*  =  g  —  jh  =  -/     -\/\  —  j  tan  5. 


(ID 


By  squaring,  equating  real  and  imaginary  parts  on  the  two  sides  of  the 
resulting  equation,  and  then  solving  for  g  and  h,  we  find 


+  1)  (12a) 

and 


+  tan2  5  -  1).  (12ft) 

When  tan  5  is  small  compared  with  unity,  as  it  is  for  most  useful  dielectric 
materials,  the  quantities  under  the  radicals  in  the  exact  expression  for  g 
and  h  can  be  developed  by  the  binomial  theorem.  By  dropping  off  all 
powers  of  tan  5  above  tan2  5,  we  obtain  the  approximate  expressions 


(L3a) 

"  / 

,          /?tan  5  .  rtlx 

fc  =  \/-— «--•  (13ft) 

\  CQ        & 

If  now  the  complex  expression  for  n*,  g  —  jh,  is  put  into  Eq.  (8ft),  it 
becomes 

•.,  M      r  —    2irj(-=  —  0;~) 

M  =  Ae     Xo  e    ^T    Ao/. 

Equation   (14)  represents  an  attenuated  plane  wave  traveling  in  the 
direction  of  increasing  p.     The  effective  index  of  refraction  in  the  ordi- 


SEC.  12-2]  ABSORBING  MEDIUMS  345 

Zirhp 

nary  sense  is  g,  the  real  part  of  n*.  The  factor  e  Xo  expresses  an  expo- 
nential decrease  of  the  amplitude  of  the  wave  as  it  travels  in  the  direction 
of  increasing  p.  Both  the  amplitude  and  the  phase  of  M  are  constant 
over  the  plane  corresponding  to  any  particular  value  of  p. 

Because  there  may  appear  to  be  discrepancies  between  this  and  other 
treatments  of  the  subject,  it  is  desirable  to  put  in  a  word  of  caution  about 
care  in  the  choice  of  the  sign  of  the  imaginary  part  of  complex  quantities. 
The  wave  represented  by  the  real  part  of  Eq.  (86)  can  just  as  well  be 
represented  by  the  real  part  of  the  conjugate  complex  expression  Eq. 
(15). 

_2«Y-t-n^ 

M  =  Ae        vr~  x  ;  (15) 

that  differs  from  Eq.  (86)  only  in  the  sign  of  the  exponent.  The  real  parts 
of  Eqs.  (86)  and  (15)  are  identical.  If  now  n*  =  g  —  jh  is  put  into  Eq. 

+  2»*? 

(15),  there  is  obtained  a  real  factor  e  Xo  that  represents  a  steady  increase 
of  amplitude  as  the  wave  progresses,  an  unlikely  occurrence.  The 
apparent  difficulty  has  its  origin  in  an  inappropriate  choice  of  the  sign  of 
the  imaginary  term  in  the  expression  for  the  dielectric  constant.  If  we 
arbitrarily  choose  to  represent  the  wave  by  Eq.  (15),  the  complex  conju- 
gate of  Eq.  (86),  it  is  necessary  to  use  the  conjugate  expression  for  the 
dielectric  constant,  e'  +  je",  instead  of  e'  —  je".  Similarly,  we  must 
use  g  +  ih  for  n*.  The  wrong  sign  for  the  imaginary  term  ascribes  to 
the  medium  the  impossible  property  of  developing  energy  rather  than 
absorbing  it,  but  just  which  sign  has  to  be  used  to  avoid  this  absurdity 
depends  on  the  form  chosen  for  representation  of  the  wave.  A  similar 
difficulty  may  be  encountered  when  a  shift  of  phase  is  to  be  expressed  by  a 
complex  number.  From  this  point  on  Eqs.  (8a)  and  (86)  will  be  used  to 
represent  a  plane  wave,  and  the  minus  sign  will  be  used  in  the  expression 
for  the  dielectric  constant. 

In  many  of  the  books  on  physical  optics  ft*  is  set  equal  to  n(l  —  JK),  n 
being  the  real  index  of  refraction  and^c  the  damping  or  absorption  coef- 
ficient. This  is  to  be  equated  to  V^'Ao  A/1  —  j  tan  5  to  get  expressions 
as  per  Eqs.  (13) 


(16o) 
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For  tan2  5  «  1  these  reduce  to 


(166) 


' tan 


tan  5 


or,  to  the  first  approximation, 


tan  5 


(16c) 


Since  \Q/U  is  the  wavelength  in  the  ordinary  sense  in  the  absorbing 
medium  the  damping  ratio  is  e~2TK  per  wavelength  in  the  medium,  or 

_2irn« 

e     Xo   per  unit  distance. 

12-3.  Hybrid  Plane  Waves. — As  noted  above,  Eq.  (86)  is  a  solution 
of  Maxwell's  equations  provided  that  a2  +  /32  +  yz  =  1.  If  ay  /?,  and  7 
are  all  real,  they  form  a  set  of  direction  cosines.  In  general,  however, 
they  may  be  complex  and  subject  only  to  the  restriction  that  the  sum  of 
their  squares  equals  unity.  The  general  properties  of  waves  that  cor- 
respond to  complex  values  of  a,  /3,  and  7  have  been  discussed  at  length 
by  Fry,1  who  calls  them  "hybrid  waves." 

If  a,  0  and  7  are  complex,  we  can  write 


a  =  a'  +  ja",  } 
P  =  V  +  jb", 

y    =    C'   +  JC",   ) 

in  which  a',  a",  etc.,  are  all  real  numbers.     The  condition 

a2  +  /32  +  72  =  1 

(a'2  +  6/2  +  c'2)  -  (a"2  +  6"2  +  c"2)  =  1 


(17) 


gives 
and 


(18) 


a'a"  +  VV  +  c'c"  =  0. 


If  the  values  for  a,  0,  and  7  of  Eqs.  (17)  are  put  into  Eq.  (8a)  and  n  =  g  —  ih 
used, 

_l  2»r/ 

M  =  ^e 


•  e 


c"JOz  1 


(19) 


i  T.  C.  Fry,  Jour.  Optical  Soc.  Am.,  16,  137  (1927),  and  16,  1  (1928). 
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If  we  let 


and  set 


and 


(ofg  +  a"hY  +  (b'g  +  6"/i)2  +  (c'g  +  c"hy  = 


a'0_+  a"h  _ 
S  ' 

"      S~  ~~  =  m' 


S 


n, 


(20) 


(21) 


then  I,  ra,  n  can  be  a  set  of  direction  cosines,  since  their  sum  is  unity. 
Likewise  p,  q,  and  r  can  be  a  set  of  direction  cosines  if 


and 


(a"g  -  a'h)*  +  (b"g  -  b'h)z  +  (c"g  -  c'/i)2 


a"g-  a'h 


b"g  -b'h  _ 


and 

Equation  (19)  becomes 

M  =  Ae 


c  V-  c'h  _ 
R        ~  r' 


(22) 


(23) 


(24) 


The  hybrid  wave  is  thus  a  plane  wave  with  the  normal  to  the  surfaces  of 
constant  phase  having  direction  cosines  Z,  m,  n,  and  its  velocity  being  such 
as  to  correspond  to  an  index  of  refraction  S.  The  amplitude  is  not  con- 
stant over  these  planes.  There  are,  however,  plane  surfaces  of  constant 
amplitude,  and  the  direction  cosines  of  their  normal  are  p,  q,  and  r.  The 
planes  of  constant  amplitude  are  not  parallel  to  those  of  constant  phase. 

As  will  be  seen  later,  waves  of  this  type  are  set  up  in  a  lossy  medium 
into  which  an  ordinary  plane  wave  enters  across  a  boundary  between  two 
mediums.  The  wave  that  is  set  up  in  the  less  dense  medium  when  radia- 
tion undergoes  total  internal  reflection  also  belongs  to  this  group.  These 
waves  are  not  so  familiar  as  some  other  types  but  are  no  less  real  or 
important. 

12-4.  Reflection  and  Refraction  of  a  Plane  Electromagnetic  Wave  at 
the  Boundary  between  Mediums. — Assume  a  plane  electromagnetic  wave 
being  propagated  in  a  medium  a,  to  be  incident  upon  an  infinite  plane 
boundary  between  medium  a  and  a  second  medium  b.  The  boundary 
plane  can  be  taken  as  the  xy-pl&ne,  and  the  yz-plane  can  be  taken  so  as  to 


348 


REFLECTION  AND  TRANSMISSION  OF  WAVES        [SEC.  12-4 


contain  a  normal  to  the  wave,  without  loss  of  generality.  The  direction 
cosines  of  the  incident  wave  are  a0,  pa,  and  ya.  When  coordinate  axes 
are  chosen  so  that  the  normal  is  in  the  yz-plane,  <xa  becomes  zero.  In 
the  following  treatment  only  isotropic  mediums  will  be  considered,  so  for 
reasons  of  symmetry  it  is  apparent  that  all  reflected  and  transmitted 
waves  will  also  lie  in  the  i/z-plane,  there  being  nothing  to  cause  a  devia- 
tion to  either  side  of  it  (see  Fig.  12-1).  Since  aa  =  0,  our  Eq.  (8a) 

becomes 


Normal  to 
Z   transmitted  wave 


M  = 


(25) 


As  is  shown  in  the  standard  treat- 
ments of  this  subject  (see  footnote 
on  page  341)  the  boundary  conditions 
can  be  satisfied  if  an  additional  wave 
is  present  in  medium  a  (the  reflected 
wave)  and  also  a  wave  in  medium  b 
moving  away  from  the  boundary  (the 
refracted  wave).  The  reflected  wave 
can  be  represented  by 


Mf 


2irJ!_?^!' 

**-aP 


Normal  to  Normal  to  .  . 

incident  wave  reflected  wave  and  the  refracted  wave  by 

FIG.  12-1. — Reflection  and  refraction 
at  a  plane  interface  between  two  dielec-  ^f  2-n-j ["  — — n h * ^0bv + Th - 1 


tric  mediums. 


Mb 


(26) 


(27) 


The  mere  existence  of  boundary  conditions  to  be  satisfied  at  all  times 
over  the  whole  boundary  requires  that  T  and  X0  have  the  same  value  for 
all  three  waves  and  that 

n!pa  =  nW;  =  ntfb  (28) 

or 

ft  =  pa  =  sin  00  (29) 

and 


A  =  3, 


(30) 


Since  Pi  +  yl  =  1  and  pf<?  +  y'a2  =  1  (each  is  the  sum  of  the  squares  of  a 
set  of  direction  cosines;  aa  and  aa  equal  0),  we  have 


7a   =    \A    -~K    =   COS  00 

and  y'a  also  equals  Vl  —  Pi- 

Since  y'a  cannot  be  equal  to  ya  and  still  be  associated  with  a  distinguish- 
able wave,  opposite  signs  of  the  square  root  must  be  used  for  y'a  and  ya. 
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Thus,  in  general, 

7«    =     -7a    =    -    COS   00.  (31) 

This  equation,  of  course,  merely  expresses  the  familiar  law  of  reflection. 

In  similar  fashion,  when  both  na  and  nb  are  real,  Eq.  (30)  expresses 
Snell's  law,  sin  0o/sin  6r  =  n.  The  sine  of  the  angle  of  incidence,  sin  00, 
equals  ft;  the  sine  of  the  angle  of  refraction,  sin  0r,  equals  ft;  the  relative 
index  of  refraction,  n,  equals  n^/na.  Since  7&  =  \/\  —  02,  we  have  by 
Eq.  (30) 


(32) 


In  Eq.  (32)  the  positive  sign  must  be  taken  for  the  square  root  in  order 
for  the  wave  to  be  one  traveling  away  from  the  boundary  into  medium  b. 

If  the  relations  of  P]qs.  (29)  to  (32)  are  substituted  into  the  expressions 
for  the  reflected  and  refracted  waves,  they  will  then  be  expressed  in  terms 
of  the  angle  of  incidence  and  the  properties  of  the  mediums. 

Equation  (26)  for  the  reflected  wave  becomes 

M'  =  Ai<M^£(!/"in  "-*""  "],  (33) 

and  Eq.  (27)  for  the  refracted  wave  becomes 

•  f  —  -  ("a*y  sin  60+ z  \/nb*'^rn>i  Bin'' go)  "1 

Mb  =  A*e   'Lr  "      x.     -~     ~      J.  (34) 

It  is  apparent  from  expressions  (30)  and  (32)  for  ft  and  7&  that  if 
either  medium  is  absorbing  so  that  n  *  or  n*  is  complex,  both  ft  and  7^  will 
be  complex  and  the  refracted  wave  will  be  a  hybrid  wave  of  the  type 
discussed  in  Sec.  12-3.  For  the  particular  case  that  medium  a  is  lossless, 
medium  b  is  lossy,  and  the  incident  wave  is  an  ordinary  plane  wave,  Eq. 
(34)  shows  that  the  y  term  of  the  refracted  wave  has  a  pure  imaginary 
coefficient  (since  n*  is  real).  This  means  that  there  will  be  only  changes 
of  phase  but  no  change  of  amplitude  over  any  plane  of  constant  2  (i.e., 
parallel  to  the  boundary  between  the  mediums).  The  coefficient  of  the 
z  term,  however,  is  complex;  its  imaginary  part  expresses  changes  of 
phase,  and  its  real  part  gives  the  variation  of  amplitude  with  change  of  z. 
Closer  inspection  reveals  that  there  is  an  exponential  decrease  of  the 
amplitude  with  increasing  z.  The  surfaces  of  constant  amplitude  are  not 
parallel  to  those  of  constant  phase  as  they  were  for  the  wave  expressed 
by  Eq.  (14)  above  but  are  parallel  to  the  boundary. 

The  actual  values  of  the  amplitude  coefficients  of  reflection  and  refrac- 
tion are  obtained  as  in  the  familiar  treatments  of  this  subject  by  setting 
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up  the  expressions  for  the  boundary  conditions  at  the  surface  and  com- 
bining them  to  eliminate  superfluous  variables.  This  treatment  will 
not  be  repeated  in  detail  here;  the  results  useful  for  present  purposes  are 
the  following.  For  an  incident  wave  polarized  parallel  to  the  plane  of 
incidence  (electric  vector  in  the  plane  of  incidence,  magnetic  vector 
perpendicular  to  it  and  therefore  tangential  to  the  boundary  surface), 
Eq.  (19)  of  page  404  of  Stratton's  book  (op.  cit.)  becomes  in  our  notation 


_  n*2  cos  0o  —  n*  ynf2  —  n*2  sin2  00  ,  _ 

n*2  cos  0o  +  na  \/n*2  —  n*2  sin2  00 

The  expression  r(Hp)ab  is  the  amplitude-reflection  coefficient. 

Similarly,  the  amplitude-reflection  coefficient  for  the  perpendicularly 
polarized  wave  is  given  by  Eq.  (36).  It  is  convenient  for  present  pur- 
poses to  express  this  for  the  electric  vector,  the  one  that  is  now  tangential 
to  the  surface.  The  subscript  s  indicates  perpendicular  polarization. 
Equation  (14)  of  page  492  of  Stratton's  book  can  be  written 


E'f       wfyo_^_wfy6       n*  cos  0o  -  Vnj"  -  n*2  sin2  00      ^  . 

-  .-——' 


It  is  apparent  from  Eqs.  (35)  and  (36)  that 
and 


(37) 


if  the  rays  are  reversed,  i.e.,  if  the  incident  wave  approaching  the  bound- 
ary from  within  medium  b  does  so  at  an  angle  of  incidence  that  is  equal  to 
the  angle  of  refraction  when  the  radiation  is  incident  on  the  boundary 
from  within  medium  a. 

The  values  for  the  amplitudes  of  the  transmitted  waves  can  be  written 
in  similar  fashion.  The  point  of  dealing  only  with  the  tangential  com- 
ponents is  that  the  continuity  of  tangential  components  across  the 
boundary  requires  that 


whereas  the  relations  between  the  coefficients  for  components  normal  to 
the  boundary  are  more  complicated.  If  tangential  components  only  are 
used,  the  later  developments  apply  to  both  parallel  and  perpendicularly 
polarized  waves. 
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In  the  special  case  of  normal  incidence,  sin  00  =  0  and  cos  00  =  1; 
Eq.  (35)  then  becomes 

_  n*  ~      _  n£  -  1 
rw(norm)ab  -  »»          -  „*  JTV  (39a) 


and  Eq.  (36)  becomes 

rE(norm)ab  =  --;=-  /lb}  ~4»  (396) 

W6       I      1  ^&«  ~"~    1 

(n*/nj)  =  n*0  being  the  generalized  index  of  refraction  of  medium  6 
with  respect  to  medium  a.     Remembering  that  MO  =  M&,  Eq-  (7)  gives 

(40) 

The  difference  of  sign  in  Eqs.  (39a)  and  (396)  does  not  indicate  any  dif- 
ference in  the  reflection  but  is  a  consequence  of  the  relative  orientation  of 
the  E  and  //  vectors  in  the  waves.  A  reflection  with  no  change  of  sign 
of  the  H  vector  necessitates  a  reversal  of  the  E  vector,  and  vice  versa. 
Such  a  change  of  sign  could  not  be  of  more  than  formal  significance,  since 
the  concepts  of  parallel  and  perpendicular  polarization  lose  their  meaning 
for  normal  incidence,  for  which  there  is  no  particular  plane  of  incidence. 
Equations  (35)  and  (36)  can  be  thrown  into  another  form  that  is  of 
practical  usefulness.  They  become 


and  

L  ,  (<)2"-™i  _  ! 

,.^_.  (42) 


These  are  now  of  the  same  form  as  Eqs.  (39a)  and  (396)  but  with  more 
complicated  expressi ons  in  place  of  the  simple  ratio  nfa  =  n£/n%  =  VW*«. 
Thus,  for  reflection  of  parallel  polarized  waves  at  angle  6  the  expression 

(43a) 

COS2  0o 
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becomes  an  effective  index  of  refraction.  It  can  be  substituted  for  n*b 
in  all  expressions  obtained  for  normal  incidence  in  order  to  derive  the 
corresponding  ones  for  incidence  at  angle  0.  The  corresponding  effective 
specific  dielectric  constant  is  given  by 


' 


Similarly,  for  perpendicularly  polarized  waves  we  have 


and 


*(aff)6fl  -i       I      *a  /  M  t  i  \ 

=  1  -f-   -  -.-.  •  (44o) 

eo  cos2  00 


Tt  will  be  noted  that 

*,*  „#  __    ™*2 

fll(p0)ba  ri(8d)ba    ~    nba 

or 


When  medium  a  is  air  for  which  n*  =  1  and  n*  =  n(l  —  j'/c),  Eq.  (39a) 
becomes 

n  —  1  —  jna 

•          - 


This  can  be  put  into  the  form 

[(n  -Hy2"  +~n  V 
r.<m>*  =  ^-(-  +-  ^  -+-  ^^  6  «  (47) 

where 

X  =  tan  -  [r!2(T+2^-   J-  (48) 

For  nV  «  n2  -  1    or  tan2  5  «  -  ^€  ^-~    ~  L  this  reduces  to 
I.  e  /eo        J 


--  .  (49) 

For  lossless  mediums,  Eq.  (39a)  and  Eqs.  (46)  to  (49)  inclusive  reduce  to 

^-tf(norm)o6    =    ir~T7*T"  (39fl) 

71    -f-    1 

Comparison  of  Eqs.  (39a)  and  (49)  shows  that  for  a  low-loss  medium  the 
absolute  magnitude  of  the  reflection  coefficient  is  practically  the  same  as 
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for  a  lossless  medium  having  the  same  dielectric  constant;  the  phase  of 
the  reflected  wave  can,  however,  be  appreciably  different  from  what  it  is 
for  a  lossless  medium. 

The  respective  coefficients  for  reflection  of  power  are  equal  to  the 
squares  of  the  absolute  values  of  the  amplitude  coefficients  \r(HP)ab\2  and 
\r(E»)db\*.  Their  behavior  as  a  function  of  the  angle  of  incidence  is  dis- 
cussed in  Sec.  11-1.  The  amplitude  coefficient  |r(J/p)ttft|2  goes  to  zero  for 
8  =  tan"1  n6*a;  for  n*b  >  1  there  is  no  angle  for  which  |r(KH)afc|2  has  a  value 
of  0. 

Similar  results  are  obtained  for  oblique  incidence.  Again  consider 
the  case  for  which  n*  =  I  and  n*  =  n(l  —  JK).  Substitution  of  these 
values  into  Eqs.  (43a)  and  (44a)  yields  complex  expressions  for  the  effec- 
tive indices  of  refraction.  If  we  write  these  as 


and  compare  the  terms  with  those  of  the  complex  expressions  obtained 
from  the  substitution,  we  get 


/1  +  n2-v 

V  cos2  0o 

-  2  sin2  0, 


ne    -     /iT*-"1 
U(KB}       \     ^  cos2  00 


n2  -  sin2  0o 


(51) 


(52) 


If  now  either  pair  of  these  effective  constants  of  the  material  is  sub- 
stituted in  Eq.  (46),  the  general  result  will  be  that  obtained  for  normal 
incidence  by  the  comparison  of  Eqs.  (39a)  and  (49);  the  magnitude  of 
the  reflection  by  the  low-loss  material  is  but  slightly  different  from  what 
it  would  be  for  a  lossless  material  having  the  same  index  of  refraction, 
but  there  is  a  relative  shift  of  phase.  At  the  Brewster  angle  for  which 
tan  9B  =  n,  n(p6)  =  1,  and  K(p9)  becomes  (n2  —  I/H*)K,  \r(tfp)ab\  takes  the 
small  value  of  K(pfl)/\/4  +  K(PO)  instead  of  zero,  according  to  Eq.  (47). 
Equation  (48)  shows  that  x  then  becomes  tan"1  (2/*c)  nz/(nz  —  1),  an 
angle  close  to  v/2.  Such  large  values  for  x  are  found  only  for  angles  of 
incidence  very  close  to  the  Brewster  angle,  for  which  angles  KPO  is  not 
small  compared  with  npg  —  1.  Thus,  in  lossy  mediums  the  180°  change  of 
phase  that  occurs  in  passing  through  the  Brewster  angle  takes  place 
quickly  but  continuously,  rather  than  discontinuously,  as  it  does  in 
lossless  mediums  at  that  angle. 
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12*6.  Reflection  and  Transmission  by  a  Sheet  of  Dielectric  Material. 
The  next  problem  of  interest  is  that  of  the  reflection  and  transmission  of 
a  plane  wave  by  an  infinite  sheet  or  slab  of  dielectric  material  of  uniform 
finite  thickness.  Assume  the  original  plane  wave  to  be  present  in  medium 
a,  the  sheet  to  be  made  of  medium  b  and  bounded  on  the  far  side  by  a 
third  medium  c.  Assume  the  a-b  boundary  to  be  in  the  xy-plane  and  the 
b-c  boundary  to  be  a  parallel  plane  at  z  =  d.  Also,  assume  the  normal  to 
the  incident  plane  wave  to  be  in  the  2/2-plane,  so  that  the  x  direction  cosine 
of  all  waves  will  be  0,  as  before  (see  Fig.  12-2). 

The  original  plane  wave  will  give  rise  to  reflected  and  transmitted 

waves  at  the  a-b  boundary,  and 

l a  /  I " '  ( c )  the  wave  transmitted  into  medium 

b  will  then  undergo  multiple  reflec- 
tion back  and  forth  as  in  Fig.  12-2. 
At  each  such  reflection  at  the  b-a 
boundary  a  transmitted  wave  will 
emerge  and  be  traveling  in  the 
same  direction  in  medium  a  as 
the  originally  reflected  wave. 
The  amplitude  of  the  resultant 
wave  in  this  direction  is  the  vector 
sum  of  the  amplitude  of  all  these 
lesser  waves.  Similarly,  at  every 
reflection  at  the  b-c  boundary,  a 
wave  emerges  into  medium  c. 
These  will  all  be  traveling  in  the 
same  direction  and  combine  to  give  a  resultant  transmitted  wave. 

The  amplitudes  of  the  reflected  and  transmitted  waves  can  be  calcu- 
lated as  follows.  Let  the  reflection  coefficient  of  the  amplitude  of  the 
wave  incident  on  the  a-b  surface  be  represented  by  rab  and  the  transmission 
coefficient  by  fa».  The  corresponding  coefficients  for  a  wave  approaching 
that  boundary  in  medium  b  are  rba  and  tba',  rbc  and  tbc  are  the  corresponding 
quantities  for  a  wave  in  6  that  is  incident  on  the  b-c  boundary.  Also,  let 
Fb  represent  the  ratio  of  the  amplitude  at  z  =  d,  y  =  y\  to  that  at  z  =  0, 
y  =  y\  for  a  wave  in  b  traveling  toward  c.  For  the  amplitudes  of  the  suc- 
cessive waves  traveling  in  the  direction  of  the  reflected  wave  in  medium  a, 
at  a  given  point  on  the  boundary,  we  get  the  following,  assuming  the  inci- 
dent wave  to  have  an  amplitude  of  unity, 


Fio.  12-2. 


Internal  reflections  in  a  dielectric 
sheet. 


7*0  = 
T\    = 

rz  = 


etc. 
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The  sum  ra_>c  is  given  by 

Ta-+c   =   Toft  +  krftaFfooU    +  ^frWfca  +    (*\Wf,a)2   +     '••+]- 

Since  1  +  z  +  z2  +  z3  +     -  -  -  +    =  l/(i  -  a-), 


Similarly,  for  the  amplitude  of  the  transmitted  waves,  partial  and  re- 
sultant, at  a  point  directly  opposite  the  one  considered  for  the  reflection 


etc. 

(54) 
"a~*c       1  -  Flrbarbc  J 

If  now  attention  is  confined  to  components  of  the  incident  wave  that 
are  perpendicular  to  the  plane  of  incidence,  these  expressions  can  be 
simplified  by  using  the  relations 

n.  -  -r,*,  •  (37) 

t-nb    ~     I       |      ffibj 


I  +  rta  =  1  -  r«,/  j  (38) 

Making  these  substitutions  Eqs.  (53)  and  (54)  become 

/cc\ 

(55) 


The  same  results  can  be  derived  somewhat  more  formally  by  assuming 
the  existence  of  one  resultant  wave  in  medium  c,  two  in  medium  bf  and 
two  in  medium  a  and  then  calculating  the  amplitudes  required  to  satisfy 
the  boundary  conditions. 

From  the  symmetry,  it  can  be  seen  that 


_        rbc 
r~"  ~  ~  r+Flr^' 

_  Fb(\  -  ^a  -  rbc) 

tc^~         "1+Ffra**"       '  ^       ^ 

When  the  medium  is  the  same  on  both  sides  of  the  sheet, 

r™  -  r_.  «  R  =  T_          },  (59) 
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It  must  be  emphasized  that  expressions  (55)  to  (60)  inclusive  are  valid 
only  for  transverse  components,  that  is,  for  the  magnetic  vector  of  a  wave 
polarized  in  the  plane  of  incidence  and  the  electric  vector  of  a  wave  polar- 
ized perpendicular  to  the  plane  of  incidence. 

It  is  now  desirable  to  examine  the  quantity  Fb  more  closely.  By 
reference  to  Eq.  (27)  we  find 

Fb  =  e    *"ZJ*m  (61) 

Substituting  for  yb  from  Eq.  (32)  this  becomes 

Fb  =  e-2^V-'-na*'Sin>«o^  (62) 

It  is  convenient  to  express  Fb  as 

Fb  =  Ae->+,  (63) 

in  which  A  and  <£  are  real  numbers.  A  is  the  amplitude  of  the  wave  as  it 
is  about  to  emerge  from  medium  b,  if  its  value  as  it  enters  medium  b  is 
taken  as  1 ;  <t>  is  the  shift  of  phase  angle.  When  medium  a  is  air  for  which 
na  =  1  and  medium  b  is  lossless,  with  n*  =  nb  =  vWeo, 

A  =  1 
and 


*  =  -^-  V  n$  -  sin2  00.  (64) 

For  normal  incidence  for  which  sin  00  =  0  this  becomes 


The  ratio  nvd/\Q,  or  vct/co  (d/\o),  is  called  the  electrical  thickness  of  the 
sheet  of  dielectric.  It  is  the  ratio  of  the  actual  thickness  of  the  sheet  to 
the  wavelength  in  the  material :  X0/n6  or  X0  \/fb/*o.  For  oblique  incidence 
at  angle  00  the  electrical  thickness  becomes  \/nb  —  sin2  00  (d/A0). 

When  medium  a  is  air  with  nj  =  1,  but  medium  6  is  lossy  with 
JKb),  Fb  becomes 


(66) 
The  complex  radical  of  Eq.  (66)  can  be  expressed  as 

VG  VI^JB,  (67) 

in  which 

G  =  n$(l  -  $)  -  sin2  00|  \ 

B  =  ?!**.  (68) 
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The  complex  product  of  Eq.  (67)  can  be  handled  the  same  way  as  was  the 
corresponding  one  of  Eq.  (11)  to  give 


(69) 

When  Kb  «  1,  B  «  1  and  Eq.  (69)  reduces  to 


27rd  _  nt>*Kb  :2ird    /-         —-T— 

—  -  --  -  ---    •  -  _  ;    —  j-~r—  V  Mb2—  am2  0o 

Fb  =  e     Xo  v^*-  Bin"  00e      Xo  .  (70) 

Thus,  for  the  case  of  a  sheet  of  low-loss  dielectric  material 

2wd  __       nt'Kt, 

A  =  e    Xo  VV-8in'«o  (71a) 

and 


*  =  IT  V^  -"TiiT'To,  (716) 

AO 

0  being  the  same  as  for  the  lossless  sheet  [Eq.  (64)].  It  should  be  noted 
that  these  expressions  for  A  and  0  are  independent  of  the  polarization. 
For  normal  incidence,  these  become 

'2irdnbKb 

A  =  e~    ^~  (72o) 

and 

4  =  */*.  (726) 

AO 

Thus,  A  of  Eqs.  (71)  and  (72)  expresses  the  decrease  of  the  amplitude  of 
the  wave  as  it  passes  through  the  lossy  sheet  once  between  the  front  and 
rear  faces. 

The  values  of  A  for  sheets  that  have  effective  thicknesses  of  an  integral 
number  of  half  wavelengths  are  of  particular  interest.  If  </>  of  Eq.  (716) 
is  set  equal  to  NTT,  N  being  an  integer,  the  resulting  value  of  d  will  be  the 
thickness  of  the  sheet  corresponding  to  N  half  wavelengths.  Let  us 
call  it  dN.  We  find  that 

j    _  N 
N  ~~  ~ 


/  2     "i 
V  ^?  —  sin2  00 

If  dN  now  is  substituted  for  d  in  Eq.  (71o),  it  will  give  the  value  of  A 
for  the  sheet  of  N  half  wavelengths,  AN,  which  is 


AN  =  e        W-  «n.«.  (74) 

For  normal  incidence 

AN  =  e~*Nli\  (75) 

Having  examined  the  quantity  Fb  in  some  detail,  we  may  now  con- 
tinue consideration  of  the  reflection  and  transmission  by  various  sheets 
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of  dielectric  material.     When  medium  a  is  air  and  medium  b  is  lossless, 
A  =  1  [Eq.  (71a)],  so  that  Eq.  (59)  becomes 


In  Eq.  (76),  rot  is  a  real  number  [cf.  Eqs.  (41)  and  (42)  for  the  real  value 
of  ra6  for  rj?a  >  1].  Because  of  the  e~^  terms,  however,  Rbis,  in  general, 
complex.  The  reflection  from  a  sheet  of  dielectric  material  of  finite 
thickness  involves  a  shift  of  phase.  The  value  of  the  reflection  coef- 
ficient for  power  \R\2  is  obtained  by  multiplying  R  by  its  complex  con- 
jugate. This  gives 

|pi2  _  _  41-LBin1  0  _____ 

11    "  (1  -  r2,)2  +  4r^  sin2  0 

\R\2  goes  to  zero  for  0  =  0,  TT,  2?r,  etc.,  and  has  a  maximum  value  of 
4r^/(l  +  r^)2  for  0  =  v/2,  3?r/2,  etc.  Thus,  the  reflection  is  very  small 
for  any  sheet  having  an  equivalent  electrical  thickness  that  is  either 
small  compared  with  a  wavelength  in  the  medium  or  close  to  any  integral 
multiple  of  a  half  wavelength  in  the  medium. 
If  we  let  0  =  rnr  +  A0, 

sin  0  «  A0.  (78) 

To  this  approximation  Eq.  (77)  becomes 


The  expression  for  the  power-transmission  coefficient  obtained  by 
developing  Eq.  (58)  in  a  similar  way  is 

m2  _  _  \1  ~~  ra*>l  _    .  (of\\ 

"  (T^rIFT4rir^  0  (80) 

The  sum  of  \R\2  and  |7T|2  from  Eqs.  (77)  and  (80)  equals  1,  as  it  should, 
since  there  is  no  loss  in  the  sheet  of  dielectric  material. 

When  the  dielectric  is  a  low-loss  material,  Fb  has  a  value  Ae~^  in 
which  A  is  less  than  unity,  as  given  by  Eq.  (71a),  and  0  has  nearly  the 
same  value  as  for  the  lossless  medium.  As  discussed  in  the  preceding 
section,  Ir^l^gy  has  almost  the  same  value  as  for  a  lossless  material  but  is 
multiplied  by  a  phase-shifting  factor  that  we  may  express  as  e~'x,  in 
which  x  <£  1  f  or  low-loss  mediums  for  nearly  all  angles  (see  page  352). 
Using  these  expressions  for  (r^iowy  and  (^&)io,»y,  Eq.  (59)  yields 


M2[(l  -  A2)'  +  4A°  sin2  0] 
i,|2sin2  (0  H 
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and  from  Eq.  (60)  we  get 

ITU     -     _£H(.LH^)2+il^sin2_x]_  , 

I  J  |.w  ~  2*2  22~2  V     ' 


From  Eq.  (81)  it  is  apparent  that  minimum  values  for  |#|i2OMy  are  also 
found  for  values  of  0  close  to  Nv.  The  minima  do  not  occur  at  precisely 
these  angles  because  of  the  presence  of  the  angle  x  in  the  denominator; 
X,  however,  is  usually  small  enough  to  be  ignored.  The  actual  minimum 
values  of  \R\ioasy  are  not  zero  but  are  given  by 


(x  having  been  taken  as  equal  to  zero  for  the  approximation).  Similarly, 
Eq.  (82)  becomes 

W2  Y,  (84) 

"~    AN\rd*\    / 

for  </>  =  NTT,  instead  of  becoming  1  as  it  does  for  lossless  sheets.  For  most 
materials  at  incidence  close  to  normal  the  A^  factor  is  the  important  one 
since  the  one  in  parentheses  decreases  with  decreasing  AN  much  more 
slowly  than  A#  does. 

For  angles  of  incidence  close  to  the  Brewster  angle,  however,  it  is  not 
legitmate  to  assume  that  x  <3C  1-  ^°r  such  angles  of  incidence,  the 
thicknesses  for  minimum  reflection  and  maximum  transmission  are  dif- 
ferent, but  the  maximum  possible  value  of  the  reflection  given  by  Eq. 
(81)  is  negligibly  small  because  of  the  low  value  of  \rab\.  For  the  same 
reason  the  transmission  will  be  given  by  |T|L«y  ~  A2  for  all  thicknesses, 
the  factors  of  Eq.  (82)  containing  |ra6|  reducing  to  unity. 

For  normal  incidence,  for  which  ro6  =  (nb  —  l)/(nb  +  1)  and 

An  =  e~*N  *  [Sec  Eq.  (75)] 

Eq.  (84)  becomes 


The  properties  of  the  half-wavelength  sheets  that  we  have  been  dis- 
cussing can  be  stated  in  a  different  way,  in  terms  of  Eq.  (55), 

_     Tgb  +  Ffrbc 


The  sheets  just  discussed  are  those  for  which  rbc  —  —r^  and 

p*  =  e-;2^T  =  if 

so  that  the  numerator  in  Eq.  (55)  vanishes.     Another  simple  case  of 
interest  in  connection  with  sandwich  radomes  is  that  in  which  rbc  =  +rab 
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and  F\  =  -1;  i.e.,  F\  =  g-w+W*.     The  numerator  of  Eq.   (55)  also 
goes  to  zero  for  these  conditions.     They  are  realized  if 


or 


or 


n?2  =  n*n* 


(86) 


[c/.  Eqs.  (39a)  and  (396)],  and  if  the  thickness  of  the  sheet  of  dielectric  b 
is  an  odd  multiple  of  a  quarter  wavelength  in  that  material.  Such  a 
quarter-wavelength  sheet  of  dielectric  material,  having  a  dielectric  con- 
stant that  is  the  geometric  mean  of  those  of  the  two  bounding  mediums, 
is  the  analogue  of  the  quarter-wavelength  transformer  used  for  matching 

two   transmission   lines   having 
different  values  of  the  charactcr- 
o=1      istic  impedance. 

12-6.  Reflection    and    Trans- 
0     mission    by    Sandwiches. — For 
^1       reasons  discussed  in  Chap.  9,  it  has 


rf.i 


q  8 

Flu.  12-3. — Diagram  of  .sandwich. 


been  found  useful  to  make  radomes 
of  several  layers  of  different  mate- 
rials. This  section  develops  the 
theory  of  the  reflection  and  trans- 
mission by  panels  of  such  construction. 

A  construction  of  generality  sufficient  for  present  purposes  is  illus- 
trated in  Fig.  12-3.  The  ambient  medium  a  will  normally  be  air,  for 
which  n*  =  1.  The  thickness  of  the  two  skins,  both  made  of  material 
6,  are  ds\  and  d,2,  respectively;  the  thickness  of  the  core,  made  of  material 
c,  is  r/r. 

Here  again  we  shall  deal  only  with  components  of  the  waves  that  are 
tangential  to  the  boundary  planes  between  the  mediums.  Let  TY  repre- 
sent the  amplitude-transmission  coefficient  of  the  left-hand  skin  for  a 
wave  incident  on  it  from  the  left  (£a-»c  of  the  notation  used  on  page  355) ; 
T2  is  the  amplitude-transmission  coefficient  of  the  second  skin  for  a  wave 
incident  on  it  from  the  left  (tc-+a  for  skin  2).  Let  pi  and  pz  be  the  reflec- 
tion coefficients  for  waves  incident  on  the  core-skin  interfaces  from  within 
the  core  (values  of  rc_>a  for  the  two  skins.).  Further,  let  T  represent  the 
amplitude-transmission  coefficient  of  the  whole  sandwich  for  a  wave 
incident  on  it  from  the  left.  By  the  same  argument  that  led  to  Eq.  (54) 
for  the  transmission  coefficient  of  the  single  sheet  (£0-»c)  we  find 
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in  which  Fe  has  the  same  significance  now  for  tho  core  as  P\  had  for  the 
sheet  of  the  earlier  considerations. 

For  simplicity,  let  us  deal  with  sandwiches  made  of  lossless  materials. 
We  can  then  write  Fc  =  e~i<t>c  as  before,  where  tfv  now  equals 


The  coefficients  p\  and  p2  can  be  replaced  by  Ipi^"'*1  and  |p2|e~;^2  in  which 
^i  and  \l/2  are  real  phase  angles.  Making  these  substitutions  in  Eq.  (87) 
and  multiplying  it  by  its  complex  conjugate,  we  derive  the  expression  for 
the  power-transmission  coefficient, 

IT-|.=  ---------  N.'M'       _  ----          (88) 


(I  -  |pi||p2|)2  +  4|P1||P,|  sin' 

This  equation  shows  that  the  power-transmission  coefficient  has  its  maxi- 
mum value  when 


•    ( ^ 
sin  (  0, 


+  *'  t")  =«.  (89) 


The  values  of  <£c  for  maximum  transmission  of  power  are,  of  course,  also 
the  ones  for  minimum  reflection.  For  given  thicknesses  of  the  skins 
that  determine  the  values  of  \l/i  and  ^2,  there  is  therefore  a  set  of  values  of 
0C  corresponding  to  a  set  of  cores  of  different  thicknesses  that  can  be 
determined  from  the  condition  expressed  by  Eq.  (89),  that  will  make 
sandwiches  having  minimum  reflection. 

WhenEq.  (89)  is  satisfied,  Eq.  (88)  becomes 

«-  -  cr^itlX  <"> 

This  can  be  simplified  by  introducing  a  relationship  that  exists  between 
the  Ipj's  and  |T|'S.  It  is 


Equation  (91)  can  be  derived  as  follows.  Since  we  are  dealing  with  loss- 
less mediums,  the  sum  of  the  values  of  the  energy  flux  of  a  reflected  and 
transmitted  wave  must  equal  the  energy  flux  of  the  incident  wave.  In 
terms  of  our  earlier  notation,  this  gives  for  the  reflection  by  skin  1  of  a 
wave  incident  from  medium  a 

Ca\ra^  +  a|^r|'  =  Ca.  (92) 
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The  terms  Ca  and  Ce  are  constants  that  have  to  be  included  because  the 
relation  between  the  energy  flux  and  the  square  of  the  amplitude  depends 
on  the  medium.  It  is  not  necessary  to  give  further  detailed  attention 
to  this  aspect  of  the  matter  here.  From  Eqs.  (55)  and  (57)  we  get 
|ra-»r|2  =  |re-*0|a,  so  Eq.  (92)  can  be  written 

C0|Pl|2  +  a|ri|2  =  Ca.  (93) 

In  the  same  way,  for  the  wave  reaching  skin  2  from  within  the  core  we  get 

CeW2  +  CA\T,\*  =  Cc.  (94) 

If  Eqs.  (93)  and  (94)  are  now  solved  for  |ri|2  and  |r2|2  and  multiplied 
together,  Eq.  (91)  results.  Putting  this  into  Eq.  (90)  gives 


The  corresponding  value  for  the  minimum  power-reflection  coefficient  is 
given  by  \R\Lu  =  1  —  |3P|Lx-  (Both  waves  are  in  the  same  medium  so 
that  Ca  drops  out.)  Thus,  from  Eq.  (-5),  we  find 

<9(» 

When  |pi|  =  |p2|,  \R\Ln  =  0  and  [T^L.  =  1;  |pi|  =  |p2|  for  a  symmetrical 
sandwich  for  which  the  two  skins  are  alike. 

For  the  symmetrical  sandwich  ^i  =  \l/2  =  t  and  PI  =  p2  =  p,  so  that 
Eq.  (88)  becomes  [also  using  Eq.  (91)] 


(I  -  |p|T  +  4|p|*  sin*  (0C  +  ^)    - 
arid 

_4|p|«»ins(0,+^)          _  _  (9g) 

The  condition  for  zero  reflection  by  the  sandwich  is  thus  (0r)/v  +  ^  =  A^TT 
or 

(0c)y  =  NTT  -  j.  (99) 

Lossless  Sandwich  Normal  Incidence. — The  actual  thicknesses  of  core 
for  zero  reflection  can  be  obtained  by  putting  the  appropriate  values  of 
(<t>c)?t  and  \l/  into  Eq.  (99).  For  normal  incidence 
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and  \l/  can  be  calculated  from  Eq.  (57)  if  we  remember  that 

rc^a  =  p  =  \p\er», 

ftc    _    , 

~ 


[cf.  Eq.  (39o)] 
and 

(cf.  Eq.  (63)] 

Making  these  substitutions  we  get  a  cumbersome  complex  expression 

that  can  be  rationalized  and  reduced  to  give 

_  2nrns(nl  —  1)  sin  2$,, 

(n*  —  rij)(nza  +  1)  +  (nl  —  l)(nj!  -f  n'*)  cos  20, 
and 

w  =  ;f[^-~  $£  $£  }}$ :  jjj-S-J;        own 

Equation  (99)  becomes 

(rfe)v    =        X°-      (JV7T    -    !//),  (102) 

\l/  being  given  by  Eq.  (100). 

Successive  integral  values  of  N  give  corresponding  values  of  (dc)N, 
the  core  thicknesses  for  nonreflecting  sandwiches.  They  differ  in  thick- 
ness by  a  half  wavelength  in  the  material  of  the  core. 

If  the  thickness  of  the  core  deviates  by  an  amount  Adc  from  the  ideal 
thickness  (dc)N  for  the  nonreflecting  sandwich,  this  will  correspond  to  a 
value  of  (0C  +  ^  +  A0C)  for  the  angle  of  Eq.  (96),  A0C  being  equal  to 
±2ir(Adc/X0)nc.  Equation  (98)  becomes 


This  can  be  solved  for  A0C  to  give 


from  which  corresponding  values  of  Adc  may  be  calculated  for  given  |p|2 
and  allowable  \R\'2. 

For  the  unsymmetrical  sandwich  \R\L,t  does  not  equal  zero  [Eq.  (96)]. 
The  thickness  for  minimum  reflection  and  maximum  transmission,  how- 
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ever,  will  be  given  by 

+  ^~-^  =  Mr.  (105) 


For  symmetrical  sandwiches  having  skins  characterized  by  ^i  the  condi- 
tion is 

(*rl)*   +    *1    =    NV,  (106) 

and  for  those  having  skins  of  a  second  thickness  it  is 

(4>c2)*  +  ih  =  Mr.  (107) 

From  Eqs.  (105)  to  (107)  we  see  that 


Equation  (108)  means  that  the  core  thickness  required  to  give  minimum 
reflection  from  an  unsymmetrical  sandwich  is  the  average  of  the  two 
values  that  would  be  appropriate  if  it  were  made  symmetrical  first  with 
one  thickness  of  skin  and  then  with  the  other  thickness. 

Transmission  Losses. — The  transmission  of  a  sandwich  made  of  low- 
loss  materials  can  be  estimated  most  readily  by  comparing  it  with  the 
corresponding  lossless  sandwich.  If  TIO  be  used  for  the  transmission  of 
the  skin  of  the  lossless  sandwich  and  TJ  for  the  lossy  one  and  similarly  for 
the  other  quantities,  and  if  we  write  Fc  =  Ace~J*«  in  accord  with  Eq. 
(63),  Eq.  (87)  can  be  written 

A    (  TlTz  \(  l  ~ 
Ac  I  ]  1  t  _ 


The  first  factor  of  Eq.  (109)  is  seen  to  be  what  we  would  have  for  the  loss- 
less sandwich. 

Since  the  general  principles  are  made  clear  by  considering  the  sym- 
metrical sandwich,  the  following  discussion  will  be  limited  to  that  case 
for  the  sake  of  avoiding  extremely  cumbersome  expressions.  Letting 
F.  =  Aae->*.,  Eqs.  (56)  and  (58)  give 

' 


assuming  r,!,  and  rbc  to  be  the  same  for  the  lossy  mediums  as  for  the  loss- 
less ones.  Putting  this  into  Eq.  (109)  and  multiplying  by  the  complex 
conjugate  we  get 


A*A*  [  v,  -r  ^.^r 

l-_I.M_i.dl.._l.m.^    ^./^      1        ^^^ 


r  (i  - 
la- 
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For  sandwiches  with  very  thin  skins  or  modified  half-wavelength 
skins,  sin2  </>,  is  small  and  the  terms  containing  it  can  be  ignored.  The 
sin2  (0e  +  ^)  and  sin2  (0C  +  ^0)  terms  can  also  be  ignored  for  sandwiches 
made  with  the  proper  thicknesses  of  the  core  for  maximum  transmission, 
\//  and  ^o  being  nearly  equal. 

Thus,  for  a  thin-skinned  low-loss  sandwich  at  maximum  transmission, 


-       o       ''     \ 
By  Eq.  (7  la) 


-2irrf.  «,.*«._ 


A.    =    6      Xo  n.=T-7ir^To; 

—  2rde  __»'"**• 

^^    _    e     Xo        V/n>"-"sTn^o_ 

By  Eqs.  (39) 

J.    ^    ~    !  v  4.    n"    "    n« 

^  =  ±  -n-  +  r       ^-  =  ±  ,;+^- 

From  Eq.  (57)  by  rationalizing  and  ignoring  terms  containing  sin2  </>«,  we 
have 


and 

/  [  \  2 

(114) 


The  factors  A*  and  AJ  are  the  principal  ones  that  would  be  obtained  if 
the  wave  merely  passed  through  the  sandwich  once  without  multiple 
reflection.  The  other  factors  express  the  additional  attenuation  that 
results  from  the  multiple  reflection. 

For  values  of  A8  and  Ac  not  much  less  than  unity  they  may  be  ex- 
pressed as  e~°s  and  e~Qa  and  expanded  to  give  1  —  Q.  +  •••+,  and 
1  -  Qc  +•••+,  with 


^o    -y/wj  —  sin2  00' 
and 

Q    =  ?^    _      n*Kc 

^o    -\/nl  —  sin2  0o 

To  this  degree  of  approximation,  the  effects  of  the  multiple  reflection  are 
ignored,  and  Eq.  (112)  yields  the  expression 

15  *    loony  Af\       |      n/~\  /I  i  c\ 

I7TI2 ~  4v.  -r  ^-  (115) 
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12-7.  Elliptical  Polarization.  —  If  the  plane  of  polarization  of  linearly 
polarized  radiation  impinging  on  a  sheet  or  sandwich  does  not  lie  either  in 
the  plane  of  incidence  or  perpendicular  to  it,  the  wave  can  be  resolved 
into  two  components  in  those  planes.  For  oblique  incidence,  the  emer- 
gent transmitted  wave  compounded  from  the  component  waves  will  not, 
however,  be  linearly  polarized,  because  the  phase  of  the  perpendicularly 
polarized  component  will  no  longer  be  the  same  as  that  of  the  parallel- 
polarized  component.  The  retardation  in  phase  in  passing  through  the 
panel  is,  in  general,  different  for  the  two  components.  The  emergent 
radiation  will  be  elliptically  polarized. 

The  magnitude  of  the  relative  shift  of  phase  produced  by  a  homo- 
geneous sheet  can  be  derived  by  further  consideration  of  Eq.  (60), 


-_ 

1  - 

As  before  Fb  can  be  set  equal  to  Ae  '*,  and  T  itself  can  be  written  as 
|  T\e~in.  In  the  rest  of  this  development,  the  subscripts  a  and  6  of  rab  will 
be  omitted.  If  the  denominator  of  Eq.  (60)  is  rationalized  and  the  result- 
ing expression  for  T  compared  with  T  =  \T\  (cos  II  —  j  sin  II), 

n*.  (116) 

The  value  of  II  for  perpendicular  polarization  IIS  will  be  greater  than  that 
for  parallel  polarization  Hp,  since  ra  for  perpendicular  polarization  is 
always  greater  than  rp  for  parallel  polarization  (cf.  Sec.  11-1)  and  A  is  the 
same  for  both  polarizations  [Eq.  (71)].  Using  the  expression  for  the 
tangent  of  the  difference  between  two  angles,  we  get 


tan  (IT.  -  IT,)  -  -          --  -1  -.   tan 


Inspection  of  Eq.  (117)  shows  that  tan  (II8  —  1IP)  goes  to  zero  for 
0  =  NTT  and  </>  =  (N  +  £)TT.  It  also  vanishes  for  all  values  of  0  at  normal 
and  grazing  incidence  because  at  those  angles  of  incidence  ra  =  rp.  The 
condition  <£  =  Nv  is  also  the  one  for  zero  reflection  by  a  panel,  so  the 
shift  of  phase  should  be  small  at  angles  of  incidence  near  the  one  for  which 
the  reflection  vanishes.  The  calculations  of  na  —  Up  for  cases  of  practical 
interest  are  discussed  in  Sec.  11-13. 

An  analogous  treatment  of  sandwiches  would  be  complicated  in  detail. 
The  behavior  of  symmetrical  sandwiches  having  thin  skins  or  half  -wave- 
length skins  would  be  expected  to  be  nearly  the  same  |p|2  taking  the 
place  or  r2. 
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The  radar  signal  received  by  a  linearly  polarized  antenna  may  always 
be  thought  of  as  the  resultant  of  two  separate  but  coherent  signals.  One 
of  these  is  produced  by  the  component  plane-polarized  wave  that  is 
polarized  parallel  to  the  plane  of  incidence  on  the  radome;  the  other  is 
produced  by  the  perpendicularly  polarized  component.  If  these  two 
components  of  the  received  signal  are  in  phase,  tho  amplitude  of  the 
resultant  signal  is  the  arithmetic  sum  of  the  amplitudes  of  the  two  com- 
ponent signals.  If,  however,  there  has  been  a  relative  shift  of  phase, 
the  resultant  amplitude  will  be  the  vectorial  sum  of  the  amplitudes.  Such 
a  vectorial  sum  can  never  exceed  the  arithmetic  sum,  so  relative  shifts 
of  phase  produced  by  a  radome  -always  weaken  the  received  signals. 
The  extent  of  the  weakening  depends  both  on  the  amount  of  the  shift  of 
phase  and  on  the  angle  between  the  plane  of  incidence  on  the  radome  and 
the  plane  of  polarization  of  the  wave. 

Let  Ap  represent  the  amplitude  of  the  received  signal  when  the  plane 
of  polarization  is  the  same  as  the  plane  of  incidence,  and  let  A ,  represent 
the  amplitude  when  the  plane  of  polarization  is  at  right  angles  to  the  plane 
of  incidence.  Also,  let  it  be  assumed  that  the  cross  section  of  the  radar 
target  is  the  same  for  all  polarizations.  (In  general,  this  is  not  true  for 
actual  radar  targets.)  The  angle  that  specifies  the  plane  of  polarization 
^  is  taken  as  0°  for  perpendicular  polarization  and  90°  for  parallel  polariza- 
tion. The  amplitude  of  the  component  of  the  signal  that  can  be  ascribed 
to  the  perpendicularly  polarized  component  of  the  wave  is  Aa  cos2  \l/. 
One  of  the  cos  V  factors  results  from  the  resolution  of  the  transmitted 
wave  into  perpendicular  and  parallel  components;  the  second  cos  ^  factor 
is  introduced  by  the  resolution  of  the  returning  perpendicularly  polar- 
ized wave  into  components  in  and  at  right  angles  to  the  plane  of  polariza- 
tion of  the  antenna,  the  latter  component  contributing  nothing  to  the 
received  signal.  Similarly,  the  amplitude  of  the  signal  from  the  parallel 
polarized  component  is  A  p  sin2  ^.  The  shift  of  phase  5  is  twice  the  angle 
U8  —  Up  previously  discussed,  because  of  the  two  traversal^  of  the  radome. 
The  amplitude  of  the  received  signal  A,  the  vectorial  sum  of  the  com- 
ponent vsignals,  is  given  by 

A2  =  A2,  sin4  ^  +  A2  cos4  ^  +  2ApA§  sin2  ^  cos2  ^  cos  5      (118) 
or 

P  =  Pp  sin4  ^  +  Pa  cos4  ^  +  2  VPp  VFs  cos2  t  sin2  cos  5.     (119) 

The  P's  are  the  signal  powers.     Upon  differentiating  P  with  respect  to  ^ 
to  get  the  maxima  and  minima  we  find  that  the  derivative  vanishes  when 

sin  2^  =  0  (120) 

or 


tan>  *  -     l  ~          '  COB  «  n on 

tan   f___..__-_  (121) 
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For  tan2  \l/  of  Eq.  (121)  to  be  positive,  the  conditions  cos  8  <  \/P,/Pp 
and  cos  6  <  \/P^/lPB  must  be  satisfied — cos  8  must  be  less  than  the  ratio 
of  the  smaller  of  ^/PB  and  \/Pp  to  the  greater.  When  tins  condition  is 
satisfied,  P  has  maximum  values  of  Pa  and  Pp  at  ^  =  0°,  90°,  180°,  etc., 
corresponding  to  the  condition  expressed  in  Eq.  (120).  The  values  of  ^ 
of  Eq.  (121)  are  those  of  the  intermediate  minima.  In  particular,  when 
Pa  —  Pp  these  minima  come  at  \[/  —  45°,  L35°,  etc.  For  values  of  cos  8 
that  make  tan2  ^  negative,  no  real  conditions  are  given  by  Eq.  (121). 
The  signal  power  P  then  has  minimum  values  of  amount  Pa  for  \f/  =  0°, 
180°,  etc.,  and  maximum  values  of  Pp  for  ^  =  90°,  270°,  etc.  (or  vice 
versa,  if  P8  >  Pp}.  The  limiting  condition  cos  5  =  \/Ps/Pp  (assuming 
Pa  <  Pp)  gives  the  value  of  8  for  which  P  just  fails  to  take  minimum 
values  less  than  Pa.  For  this  value  of  5  and  all  smaller  ones  the  received 
power  will  be  equal  to  or  greater  than  Pa  for  all  values  of  \f/. 


CHAPTER  13 
RADOME  MATERIALS  AND  METHODS  OF  FABRICATION 

BY    H.    L.KADERMAN1 

13-1.  Fabrication  of  Radomes. — The  materials  that  arc  useful  for 
radome  construction  are  those  having  adequate  mechanical  strength  and 
low  loss  tangents.  Certain  organic  and  inorganic  high  polymers  are 
found  to  be  satisfactory;  of  the  inorganic,  the  only  form  that  has  been 
used  so  far  is  a  fabric  woven  of  an  extremely  fine  yarn  of  continuous  glass 
filaments.  Organic  high  polymers  are  usually  divided  arbitrarily  into 
resins,  rubbers  (elastomers),  and  fibrous  materials,  all  useful  for  radomes. 
Molded  plywood  was  used  for  some  early  radomes  but  proved  to  be 
unsatisfactory,  principally  because  it  is  hygroscopic. 

The  organic  plastics  are  more  or  less  rigid  resin-  or  elastomeric-base 
materials  that  are  commercial  products.  Filled  plastics  contain  different 
fillers  to  give  them  various  desired  properties;  these  fillers  may  be  pow- 
ders (wood  flour,  glass  powder,  or  mica  powder),  fibers  (glass  floss  or  flax), 
or  sheets  (cotton,  rayon,  nylon,  glass  fabric,  or  paper).  The  sheet  form 
is  used  in  the  laminated  plastics.  Because  of  the  ordered  fibrous  filler, 
the  laminated  plastics  are  generally  the  strongest  and  stitfest  of  these 
materials. 

For  the  small  quantities  of  radomes  needed,  the  usual  method  of 
fabricating  plastics  by  high-pressure  molding  would  be  prohibitively 
expensive  because  of  the  elaborate  molds  and  molding  presses  that  would 
be  required.  Fortunately,  during  the  past  few  years,  two  other  methods 
of  fabricating  large  plastic  objects  have  been  developed.  One  is  a  draw- 
ing operation,  in  which  large  flat  sheets  are  formed  to  the  required  shape. 
In  the  other,  the  elements  are  bonded  together  under  low  pressure;  it  is 
known  as  "low-pressure  molding "  or,  more  correctly,  as  " impression 
molding,"  since  one  surface  of  the  molded  object  (usually  the  outside 
surface)  is  made  to  conform  to  the  contours  of  the  mold  but  the  other 
surface  is  not  directly  controlled.  Suitable  forms  or  molds  for  both  of 
these  methods  of  fabrication  are  relatively  easy  to  make,  and  the  plant 
equipment  required  (ovens  and  autoclaves)  is  relatively  inexpensive. 
The  life  of  the  mold  is  satisfactory  f  or  the  usual  small  production  runs. 

13-2.  Drawn  Thermoplastic  Materials.  Poly  methyl  Mcthacrylate. — 
Polymethyl  methacrylate  (acrylic  plastic)  either  with  or  without  plasticizer 
1  F.  J.  Mehringer  assisted  in  the  editing  of  this  chapter. 
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is  marketed  under  the  trade  names  of  Lucite  (E.  I.  duPont  de  Nemours 
and  Company)  and  Plexiglas  (Rohm  and  Haas  Company).  It  is  also 
manufactured  under  the  name  of  Perspex  in  England  by  the  Imperial 
Chemical  Industries.  Corresponding  grades  of  these  materials  arc 
practically  identical.  Many  materials  such  as  this  acrylic  plastic  are 
rigid  at  room  temperature  but  pass  through  a  leathery  stage  when  heated 
and  finally  become  rubberlike  on  further  heating.  If  a  sheet  of  this 
material  is  heated  to  the  rubbery  stage,  bent  over  a  mold  to  a  given  shape, 
and  then  allowed  to  cool  on  the  mold,  the  "  high- elastic "  deformation 
will  be  "frozen  in,"  so  that  the  sheet  conforms  essentially  to  the  shape  of 
the  mold.  If  the  formed  object  is  reheated,  the  material  ^  ill  reassume  its 
original  plane  form  if  the  first  process  has  merely  been  one  of  bending. 
When  there  has  been  any  appreciable  stretching,  as  occurs  in  a  deep- 
drawing  operation,  some  nonrecoverable  flow  has  taken  place,  and  the 
original  plane  form  will  not  be  entirely  regained.  Because  the  molecular 
arrangement  in  the  bent  or  drawn  sheet  is  not  in  true  equilibrium  but  is 
under  internal  stress,  the  formed  object  tends  to  reassume  its  original 
plane  form  at  a  significant  rate  at  a  temperature  that  is  below  the  original 
forming  temperature.  Thus,  the  ASTM  heat  distortion  temperature,1 
and  not  the  forming  temperature,  is  a  measure  of  the  upper  limit  of  tem- 
perature for  serviceability  of  a  radome  fabricated  from  sheets  of  acrylic 
plastic. 

Polystyrene  cannot  be  used  for  making  this  type  of  radome  because  of 
various  practical  difficulties  involved.  Compression-molded  sheets  of 
polystyrene  of  limited  size  would  have  to  be  used,  since  this  material 
cannot  be  cast  in  a  reasonable  time  because  of  the  slow  rate  of  polymeriza- 
tion of  the  monomer.  Furthermore,  the  range  of  temperatures  for  form- 
ing polystyrene  is  much  narrower  than  it  is  for  acrylic  plastics.  The  loss 
tangent  of  polymethyl  methracrylate  is  higher  than  that  of  polystyrene 
(cf.  Sec.  13-12),  but  it  is  low  enough  to  limit  the  absorption  by  streamlined 
radomes  of  modified  half-wavelength  thickness  to  a  tolerable  value  (Sec. 
11-5).  The  procedures  for  making  acrylic  plastic  radomes  are  essenti- 
ally the  same  as  for  making  transparent  aircraft  enclosures;  these  have 
been  frequently  described.2 

Because  reinforcing  ribs  cannot  be  used  for  nose  radomes,  a  heavy  wall 
thickness  (about  £  in.)  may  be  necessary  for  structural  reasons.  In 
the  10-cm  band  this  wall  thickness  may  result  in  too  high  a  reflection  of 
r-f  energy.  In  the  3-cm  band,  the  thickness  needed  for  mechanical 
strength  is  close  to  the  desired  modified  half-wavelength  thickness.  Ser- 
ious variations  in  thickness  are,  however,  to  be  expected  in  structures 

1  American  Society  for  Testing  Materials,  "Tentative  Method  of  Test  for  Heal 
Distortion  Temperature  of  Plastics,"  D  648-45T. 

a  See,  for  example,  Modern  Plastics  Encyclopedia,  1946,  p.  812. 
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such  as  deep-drawn  radomes  where  appreciable  double  curvature  is 
present.  The  variations  may  exceed  permissible  tolerances. 

A  technique  has  been  developed  in  England  for  construction  of 
acrylic  plastic  radomes  having  a  uniform  wall  thickness.  The  radome  is 
fabricated  from  several  transverse  strips  formed  by  a  bending  operation 
that  causes  but  slight  change  in  thickness.  A  paste,  or  dough,  consisting 
of  a  mixture  of  polymer,  monomer,  and  catalyst  is  then  made  and  inserted 
between  the  butted  strips.  The  polymerization  of  the  dough  joint  is 
accelerated  by  exposure  to  ultraviolet  light.  In  this  way  a  streamlined 
radome  of  modified  half-wavelength  thickness  with  excellent  electrical 
properties  is  obtained.  It  will  be  shown  later,  however,  that  a  sandwich 
radome  having  just  as  good  electrical  and  mechanical  properties  can  be 
built  with  much  less  weight  and  greater  heat  stability  (see  Sec.  13-10). 
In  the  design  of  mounting  attachments  for  acrylic  plastic  radomes  great 
care  must  be  exercised  to  prevent  concentrations  of  stress  that  may 
produce  cracks  and  have  disastrous  consequences. 

Cyclized  Rubber. — A  second  type  of  drawn  thermoplastic  radome  uses 
an  expanded  plasticized  material  made  from  cyclized  rubber.  This 
material  is  a  rigid  plastic  having  a  low  dielectric  constant,  a  low  loss 
tangent,  and  a  low  absorption  of  moisture,  all  desirable;  properties  for  a 
radome  material.  Cyclized  synthetic  rubber  also  has  essentially  the 
same  properties.  Both  natural  and  GR-S  cyclized  rubbers  are  marketed 
by  the  Marbon  Corporation  under  the  names  Marbon  B  and  Marbon  S. 
Radomes  are  fabricated  from  sheets  of  material  formed  by  milling  Mar- 
bon B  (or  Marbon  S)  with  natural  rubber  (or  GR-S)  and  an  expanding 
agent.  When  a  sheet  of  this  material  is  heated  in  an  oven,  an  expansion 
takes  place  that  results  in  a  foam  having  a  density  somewhere  between 
8  and  33  lb/ft3.  To  make  a  radome,  the  sheet  is  removed  from  the  oven 
during  the  process  of  expansion  and  is  drawn  over  a  wooden  male  mandrel, 
or  "plug,"  and  allowed  to  cool  before  being  removed.  The  density  of 
material  suitable  for  this  process  is  33  lb/ft3  (corresponding  to  a  dielectric 
constant  of  about  1.7e0).  At  this  density,  at  room  temperature  the 
material  is  leathery  rather  than  rigid.  Because  of  the  low  loss  tangent 
and  low  dielectric  constant,  however,  a  massive  wall  thickness  can  be  used 
in  order  to  obtain  any  necessary  rigidity.  The  dielectric  constants  of 
samples  of  expanded  Marbon  S  of  different  densities  are  given  in  Sec. 
13-13.  These  materials  are  tough  at  room  temperature.  However,  the 
resistance  of  formed  sheets  to  heat  is  poor,  appreciable  distortion  taking 
place  at  a  temperature  far  below  the  forming  temperature.  They  are 
also  weak  and  brittle  at  low  temperatures  and  are  attacked  by  aromatic 
motor  fuels. 

13-3.  Molded  Thermoplastic  Materials. — The  two  thermoplastic 
radome  materials  that  can  be  formed  by  low-pressure  molding  are  "poly- 
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fiber"  plastic  (reduced-density  microporous  polystyrene)  and  molded 
polystyrene  film  (Polyflex).  The  former  material  has  lower  flexural 
strength  and  stiffness  than  polystyrene,  hut  because  of  its  lower  dielec- 
tric constant  it  can  be  used  in  greater  Avail  thicknesses.  For  a  given 
wavelength  and  reflection  coefficient,  the  specific  strength  and  stiffness 
decrease  as  the  density  and  dielectric  constant  of  a  reduced-density 
material  is  reduced,  but  the  wall  thickness  increases.  There  is  an  opti- 
mum density  that  will  result  in  the  strongest  (or  stiffest)  radome  wall  (cf. 
Sees.  13-8  and  13-15). 

Polystyrene  is  marketed  by  different  manufacturers  under  various 
trade  names  (e.g.,  Lustron,  Styron,  Loaiin).     It  is  usually  supplied  as  a 

granular  composition  that  is  molded 
by  conventional  methods  to  form 
clear  plastics.  If  polystyrene  in  the 
form  of  extremely  fine  fibers  having 
a  diameter  of  about  one  micron  is 
used,  however,  it  can  be  molded  into 
clear  polystyrene  under  moderate 
conditions  of  temperature  (100°C) 


-  Rubber  bag 


Bats  or  preform 
of  polystyrene 
fiber 


Mold 


To  vacuum  pump 


FIG.      13-1. — Bag-molding     technique 
polyfiher  racloinc. 


and  pressure  (15  lb/in.2).  Under 
these  conditions  the  low-pressure 
molding  technique  can  be  used. 
More  important  still,  if  the  molding 
process  is  interrupted  at  a  suitable 
stage,  a  reduced-density  plastic  is 
produced  that  has  certain  marked  advantages  over  full-density  polystyrene 
for  radome  construction  (see  Sees.  13-13  and  13-15). 

Three  types  of  polystyrene  fiber  have  been  used  for  making  radomes. 
They  are  the  Dow  Chemical  Company's  Q-107  and  Q-274  Polyfibres  and 
a  third  variety  produced  by  the  Bakelite  Corporation.  The  Q-107  Poly- 
fibre  contains  about  4  per  cent  of  solvent,  which  markedly  affects  the 
molding  conditions  and  reduces  the  heat  resistance  of  the  molded  plastic. 
The  other  two  varieties  are  free  of  solvent. 

Radomes  are  molded  from  each  of  these  types  of  polystyrene  fiber  by 
essentially  the  same  process.  The  mold  is  fabricated  most  cheaply  from 
laminated-paper  phenolic  plastic  by  a  bag-molding  operation  such  as  is 
used  in  molding  the  radome  itself.  Bats  of  the  fiber  or  a  preform  are  laid 
in  the  mold  and  placed  in  a  rubber  bag  (see  Fig.  13-1).  The  bag  is  then 
evacuated,  causing  a  pressure  of  approximately  15  lb/in.2  to  be  applied  to 
the  polystyrene  fibers.  The  bag  and  its  contents  are  placed  in  a  hot- 
water  bath  for  a  closely  controlled  length  of  time.  If  a  temperature 
higher  than  95°  is  required,  the  bag  is  placed  in  a  hot-air  oven  with 
efficient  circulation  of  air  or  in  an  autoclave  where  heat  and  additional 
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pressure  are  provided  by  means  of  saturated  steam.  Further  molding 
pressure  can  be  provided  by  introducing  compressed  air  into  the  auto- 
clave. Careful  control  of  the  molding  temperature  and  time  is  necessary 
in  order  to  obtain  the  optimum  density.  If  the  density  is  too  low,  the 
fibers  are  not  properly  knitted  together  and  the  radome  is  weak.  If  the 
density  is  too  high,  the  radome  has  too  high  a  dielectric  constant  and  is 
brittle.  This  is  especially  true  in  the  case  of  the  Bakelite  fiber.  For 
molded  Dow  Q-107,  the  optimum  density  is  about  0.85  g/cc;  for  the  other 
two  types  it  is  about  0.65  g/cc.  In  spite  of  the  numerous  voids  in  these 
molded  plastics,  they  absorb  but  little  water.  Radomes  molded  from 
such  materials  are  usually  provided  with  a  cemented-on  outside  skin 
made  of  a  single  layer  of  fine  Fiberglas  fabric  (ECC-11-112).  This  skin, 
which  is  added  to  provide  resistance  to  abrasion  rathor  than  additional 
mechanical  strength,  produces  only  a  very  slight  increase  of  loss  by 
reflection. 

This  type  of  radomo  is  not  especially  useful  in  the  10-cm  band,  since 
there  are  other  materials  with  higher  dielectric  constant  that  can  be  used, 
still  keeping  to  a  sufficiently  small  value  of  the  electrical  thickness.  In  the 
3-cm  band,  however,  this  type  of  radome  is  of  great  value  if  the  reflection 
is  not  to  exceed  about  10  per  cent  of  the  incident  power.  In  order  to 
achieve  this,  the  thickness  must  be  controlled  by  molding  the  radome 
to  a  thickness  greater  than  the  final  value  and  then  machining  off  the 
inside  of  the  radome.  This  process  has  been  used  in  quantity  production. 
Radomes  for  the  1-cm  band  can  also  be  made  by  this  process.  If  the 
wall  thickness  is  made  slightly  less  than  a  half  wavelength  and  thin  skins 
of  Fiberglas  fabric  impregnated  in  polystyrene  lacquer  are  cemented  on, 
the  sandwich  has  a  core  dielectric  constant  of  about  2.2c0  and  thin  skins 
with  a  dielectric  constant  of  about  3.7co.  A  sandwich  of  this  construction 
can  be  used  in  the  1  -cm  band  for  a  streamlined  radome  with  perpendicular 
polarization.  Electrically,  it  is  nearly  as  good  as  a  modified  half-wave- 
length thickness  wall  of  polyfiber  plastic;  mechanically,  it  is  somewhat 
superior  (cf.  Sec.  13-10). 

Polyfiber  radomes  do  not  absorb  much  water  or  water  vapor  but  their 
heat  resistance  is  marginal,  particularly  when  they  have  been  molded 
from  fibers  containing  a  considerable  quantity  of  solvent.  They  are  also 
susceptible  to  attack  by  aromatic  liquids  such  as  motor  fuels. 

The  second  type  of  material  for  making  molded  thermoplastic  radomes 
is  used  in  a  similar  way;  it  consists  of  sheets  of  stretched  polystyrene  0.007 
in.  thick.  It  is  marketed  under  the  name  of  "Polyflex"  by  the  Plax 
Corporation.  Under  suitable  bag-molding  conditions,  the  thin  sheets, 
which  can  be  easily  tailored  to  fit  the  bag  mold,  fuse  together  to  form  a 
sheet  of  clear  polystyrene.  Radomes  constructed  of  10  layers  of  Polyflex 
sheet  and  outside  and  inside  layers  of  ECC-11-112  Fiberglas  cloth  all 
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cemented  together  with  polystyrene  lacquer  have  moderate  reflection  and 
can  be  used  for  the  3-cm  band  satisfactorily.  In  this  construction, 
the  Fiberglas  skins  contribute  greatly  to  flexural  strength  and  stiff- 
ness yet  introduce  only  a  small  additional  reflection.  It  should  be 
noted  that  this  construction  is  not  used  in  order  to  get  zero  reflection  at 
normal  incidence  in  the  3-cm  band;  the  core  spacing  is  much  too  small. 
Such  a  construction  may  be  called  a  structural  sandwich.  If  a  sandwich 
having  zero  reflection  at  normal  incidence  and  low  weight  is  required,  it  is 
preferable  to  use  a  conventional  sandwich  with  a  core  of  low  density  as 
described  in  Sec.  13-6. 

13-4.  Molded  Thermo  setting  Materials.  Thermosetting  Resins. — The 
materials  considered  in  Sees.  13-2  and  13-3  undergo  a  physical  change 
during  the  drawing  or  molding  operation.  The  molded  or  drawn  object 
is  under  internal  stress  and  is  accordingly  somewhat  deficient  in  resistance 
to  heat.  The  resins  to  be  considered  in  this  section  undergo  an  essentially 
irreversible  chemical  change  consisting  of  the  cross-linking  of  long  molecu- 
lar chains.  The  material  usually  changes  from  a  viscous  liquid  or  paste 
(at  room  temperature)  to  a  hard  resin  in  the  molding  process.  It  should 
be  noted  that  the  terms  "thermoplastic"  and  " therm oset ting"  refer  to 
the  workability  of  fully  cured  material  and  not  to  heat  resistance.  For 
example,  the  thermoplastic  materials  poly  vinyl  carbazole  and  poly  2,5 
dichlorostyrene  are  much  more  heat  resistant  in  the  conventional  sense 
than  the  thermosetting  glyceryl  phthalate  polyester. 

So  far,  littl(j  information  has  been  released  on  the  chemical  nature1 
of  the  liquid  and  paste  types  of  thermosetting  resins  used  for  radome 
fabrication.  It  appears  that  in  the  uncured  state,  many  of  these  resins 
consist  of  an  unsaturated  polyester  with  styrene  monomer  added  ("poly- 
ester-styrene ; '  resins) . 

Cured  thermosetting  resins  by  themselves  are  rather  weak;  their 
important  field  of  application  lies  in  the  making  of  reinforced  plastics 
with  fibrous  fillers  such  as  paper;  glass  mats;  and  cotton,  rayon,  and  glass 
cloth.  Because  closely  controlled  thicknesses  and  moldings  with  double 
curvature  are  required  for  radomes,  fabrics  are  the  best  reinforcing  fillers 
for  low-pressure  thermosetting  resins.  Dupont  Fiber-A,  woven  Owens- 
Corning  Fiberglas,  and  knitted  glass  fabric  are  almost  completely  non- 
hygroscopic  and  are  therefore  satisfactory  for  fabrication  of  radomes. 

Laminated  Panels  Made  with  Thermosetting  Resins. — The  techniques 
of  molding  flat  panels  and  radomes  by  using  a  suitable  fabric  and  a 
thermosetting  low-pressure  resin  in  the  form  of  liquid  or  paste  are  the 
following.  The  recommended  amount  of  suitable  peroxide  catalyst  is 
added  to  the  resin  and  stirred  in.  (Paste  resins  must  first  be  carefully 

1  Cf.  Modern  Plastics  Encyclopedia,  1946,  "Unsaturated  Polyesters,"  p.  163; 
"Allyl  Resins,"  p.  167. 
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heated  to  make  them  fluid.)  A  suitable  mandrel  is  covered  with  a  sheet 
of  cellophane  to  act  as  a  parting  medium,  as  shown  in  Fig.  13-2.  The 
requisite  number  of  layers  of  fabric  are  then  placed  on  the  mandrel,  and 
the  liquid  resin  or  heated  paste  resin  is  poured  or  brushed  on  and  worked 
into  the  plies  of  fabric.  Alternatively,  the  fabric  may  be  dipped  into  a 
bath  of  resin;  the  excess  resin  squeezed  out  in  a  wringer;  and  the  plies  of 
fabric  stacked  on  the  mandrel.  The  fabric  is  covered  with  a  second  sheet 
of  cellophane  and  placed  in  a  rubber  bag  that  is  evacuated.  The  curing 
is  effected  by  placing  the  bag  in  a  heated  glycerin  bath  or  in  an  oven  or  an 
autoclave.  Pressures  up  to  100  lb/in.2  may  be  obtained  with  a  range  of 
temperatures  from  105°  to  160°C  (221°  to  320°F).  It  is  recommended 
that  the  bag  be  cooled  before  breaking  the  vacuum  and  removing  the 
contents. 

If  the  correct  procedure  has  been  followed,  a  rigid  board  is  obtained 
and  there  is  some  clear  hard  brittle  resin  squeezed  out  around  the  edges 

To  vacuum  p  Layers  of /-  Rubber  bag 

Cellophane 


o  vacuum  r-  Layers  ot  /- 

PumP  \    impregnated  fabric         / 

•JT  'J  V//////////A /////////// 


-  Wood  blocks  L  Mandrel 

L-  Clamp 

FIG.  13-2. — Bag  molding  of  flat  laminated  panels. 

of  the  laminate.  With  poor  or  incorrectly  handled  resin,  unsatisfactory 
panels  that  are  weak  or  nonuniform  in  a  variety  of  ways  will  be  obtained. 
Even  the  relatively  simple  process  of  making  a  flat  laminated  panel  by 
this  low-pressure  molding  procedure  involves  a  complicated  technique. 

Fiberglas  fabric,  as  ordinarily  supplied,  is  white  in  appearance;  the 
filaments  are  coated  with  sizing  material  and  lubricating  oil  intended  to 
facilitate  weaving.  Since  the  presence  of  these  organic  materials  usually 
prevents  a  good  bond  to  low-pressure  resin,  the  fabric  is  heated  under 
controlled  time  and  temperature  conditions.  This  volatilizes  the  oil 
and  caramelizes  the  size  and  the  resulting  pale  straw  to  dark  brown  fabric 
("heat-treated  Fiberglas")  bonds  much  more  satisfactorily  to  low-pres- 
sure resin  (cf.  Sec.  13-9).  Extended  heating  of  Fiberglas  fabric  removes 
all  organic  material  ("heat-cleaned  Fiberglas");  such  fabric  is  nearly 
white.  Heat-cleaned  Fiberglas  is  not  so  good  as  heat-treated  fabric  for 
making  laminates  (cf.  Sec.  13-9). 

Although  much  work  has  been  done  on  the  technical  problems  of 
low-pressure  laminating  during  the  past  few  years,  there  are  nevertheless 
considerable  differences  of  opinion  as  to  the  best  fabricating  techniques  to 
give  the  most  uniform  product  with  the  best  mechanical  and  weathering 
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qualities.  There  is  also  a  difference  of  opinion  as  to  which  is  the  best  of 
the  numerous  commercially  available  liquid  or  paste  resins.  Laminated 
panels  made  by  the  bag-molding  process  are  subject  to  appreciable 
variations  in  thickness  and  in  dielectric  constant  because  of  variation  in 
the  proportions  of  air,  resin,  and  fabric  in  the  final  laminate  (cf.  Sees. 
13-9  and  13-14.)  The  dielectric  constant  of  the  resin  itself  may  vary 
as  a  result  of  styrene  loss  due  to  exposure  to  air  of  the  uncured  resin  and 
the  uncured  impregnated  fabric  and  possibly  because  of  a  variation  in 
the  nature  of  the  cross-linking  reaction  as  a  result  of  variations  in  cure 
conditions  and  aging  of  the  resin. 

These  low-pressure  laminated  plastics  are  more  hygroscopic  than  the 
materials  considered  in  Sees.  13-2  and  13-3.  The  thermosetting  resins 
are  somewhat  polar,  and  the  capillaries  and  voids  make  possible  appreci- 
able absorption  of  water,  as  can  be  demonstrated  by  the  ASTM  standard 
test  for  water  absorption. l  Thermosetting  laminates  differ  from  thermo- 
plastic materials  by  being  stable  with  respect  to  temperature  up  to  the 
molding  temperature  at  least  and,  in  some  instances,  to  much  higher 
temperatures. 

By  a  simple  variation  of  the  fabricating  technique,  laminated  panels 
may  be  made  by  using  thermoplastic  resins  instead  of  thermosetting 
resins.  Fully  polymerized  resin  is  dissolved  in  the  resin  monomer;  and 
when  a  satisfactory  viscosity  is  reached,  the  catalyst  is  added.  Impreg- 
nation and  cure  then  follow  as  with  the  liquid  thermosetting  resins.  The 
procedure  is  practicable  only  in  the  case  of  2,5  clichlorostyrene,  since  this 
material  is  highly  heat  resistant  when  polymerized  and  the  monomer  is 
mobile  and  can  dissolve  a  large  amount  of  polymer  before  the  viscosity 
becomes  excessive;  furthermore,  the  polymerization  is  sufficiently  rapid 
to  be  feasible  commercially.  Thermoplastic  laminates  of  poly  2,5 
dichlorostyrene  are  less  hygroscopic  and  have  lower  loss  tangents  than 
laminates  of  polyester-styrene  resins  (Table  13-13).  Laminated  plastics 
with  high  dielectric  constants  can  be  made  by  incorporating  titanium 
dioxide.  This  material  is  added  to  the  liquid  resin  containing  a  catalyst, 
and  the  fabric  is  then  impregnated  and  cured  in  the  usual  way.  The 
mechanical  and  electrical  properties  of  such  laminates  are  discussed  in 
Sees.  13-9  and  13-14;  the  electrical  properties  of  similar  materials  con- 
taining titanium  dioxide  are  considered  in  Sec.  13-13. 

Fabrication  of  Single-wall  Laminated  Radomes. — The  technical  problem 
of  molding  a  single-wall  laminated  radome  with  uniform  electrical 
properties  and  optimum  mechanical  properties  is,  of  course,  more  complex 
than  the  molding  of  plane  panels.  Single-wall  laminated  radomes  can  be 
fabricated  by  essentially  the  same  procedure  as  described  for  laminated 

1  American  Society  for  Testing  Materials,  "Standard  Method  of  Test  for  Water 
Absorption  of  Plastics,"  D  570-42. 
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panels  with  the  exception  that  instead  of  a  flat  mandrel,  a  mold  as  was 
shown  in  Fig.  13-1  is  used.  The  cellophane  sheet  next  to  the  mold  must 
be  laid  in  place  carefully,  since  any  wrinkles  will  be  reproduced  on  the 
outside  surface  of  the  radome.  The  cloth  is  "  tailored  "  to  fit  the  shape  of 
the  mold  and  have  overlaps  of  about  ^  to  1  in.  These  overlaps  should  be 
staggered  to  avoid  excessive  localized  reflection  and  possible  distortion 
of  the  pattern.  While  the  fabric  layers  are  being  placed  in  position,  or 
"laid-up,"  the  resin  tends  to  drain  down  toward  the  nose  of  the  radome. 
This  may  be  obviated  by  placing  the  evacuated  bag  in  the  oven  or  auto- 
clave so  that  the  nose  of  the  radome  is  uppermost  and  the  vacuum  con- 
nection is  near  the  rim. 

An  alternative  procedure  for  making  small  laminated  glass-fabric 
radomes  is  to  draw  knitted  "socks"  of  glass  fabric  over  a  male  mold.1 
Such  radomes  are  largely  handmade  and  require  skillful  and  competent 
workmanship. 

For  any  given  wall  thickness,  it  is  preferable  to  laminate  only  a  few 
layers  of  fabric  (two  to  seven),  because  it  is  difficult  to  handle  a  large 
number  of  plies  of  impregnated  fabric.  When  Fiberglas  is  used,  the  num- 
ber of  layers  of  material  determines  the  grade  of  fabric  to  be  used.  It 
has  been  the  practice  to  use  square-woven  Fiberglas  fabric  containing 
continuous  filaments  of  "K"  (electrical  grade)  glass.  The  fabrics  most 
commonly  used  have  been  ECC-11-112,  ECC-11-127  (or  128),  and 
ECC-11-1G4  grades,  corresponding  roughly  to  thicknesses  of  laminate  of 
3,  7,  and  14  mils  per  ply  (cf.  Sec.  13-9). 

Reduced-density  Thermosetting  Laminates. — There  is  another  radome 
material  that  is  equivalent  to  polyfiber  plastic  in  electrical  and  mechan- 
ical properties  but  has  the  superior  heat  resistance  of  thermosetting 
laminates.  This  material  is  made  by  using  a  leno  (open-mesh)  weave 
of  Fiberglas  fabric  (grade  X-1542)  impregnated  with  resin.  Several  plies 
of  the  fabric  are  laid  up  in  the  usual  way.  The  face  plies  are  fine  square- 
woven  Fiberglas  (say,  ECC-11-112  grade).  This  laminate  has  a  cellular 
structure  and  good  mechanical  and  electrical  properties.  Its  specific 
gravity  is  about  1.0,  compared  with  1.5  to  1.7  for  a  standard  Fiberglas 
laminate. 

An  even  better  balance  of  mechanical  and  electrical  properties  is 
obtained  with  cotton  or  viscose  rayon  marquisette,  ordinary  household 
curtain  material;  the  resulting  laminates  possess  a  specific  gravity  of 
0.75,  compared  with  about  1.5  for  a  regular  cellulosic  fabric  laminate. 
Cotton  and  viscose  rayon  marquisette  laminates,  however,  absorb  water 
readily;  they  require  the  application  of  a  suitable  phenolic  varnish  to  act 

1  For  a  detailed  description  of  a  technique  of  riulome  fabrication  with  knitted 
glass  fabric,  see  Anon.,  "Radio  Detection  and  Hanging,"  Modern  Plastics,  23,  No.  1, 
132A,  September  1945. 
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as  a  barrier  to  moisture.  Such  materials  might  be  of  value  for  radomes  to 
be  used  in  temperate  climates  but  not  in  the  tropics.  The  mechanical 
and  electrical  properties  of  these  materials  are  discussed  further  in  Sees. 
13-9  and  13-15. 

Post/ 'arming. — When  cross-linked  therm osetting  resins  are  heated, 
they  acquire  a  certain  amount  of  rubberlike  elasticity  and  can  be  given 
a  limited  amount  of  single  or  double  curvature,  the  extent  depending 
largely  upon  the  nature  of  the  resin.  This  property  is  the  basis  of  the 
technique  of  postf orming. l  When  fully  cured  laminates  that  contain 
suitable  thermosetting  resins  are  heated  to  an  appropriate  temperature, 
they  become  quite  flexible  and  can  be  formed  over  a  wooden  mold  with 
very  little  effort.  After  cooling,  they  retain  substantially  the  shape  of 
the  form.  Thin  laminates  made  with  certain  weaves  of  cotton  fabric 
can  be  deep-drawn  in  this  Avay.  The  process  has  recently  been  developed 
and  extensively  used  for  making  quantities  of  aircraft  components  that 
are  to  be  subjected  to  light  stresses  only. 

This  technique  may  be  of  value  in  radome  engineering  when  a  panel 
with  a  closely  controlled  thickness  and  dielectric  constant  has  to  be 
molded  to  a  limited  amount  of  double  curvature,  for  example,  stream- 
lined radomes  in  the  1-cm  band  whose  wall  thickness  (or  sandwich  skin 
thickness)  is  a  modified  half  wavelength.  Close  control  of  the  thickness 
and  dielectric  constant  could  be  obtained  by  first  making  the  radome  wall 
(or  each  skin  of  the  sandwich)  in  a  platen  press  as  a  flat  panel  that  could 
then  be  heated  and  bent  over  the  form.  An  appreciable  amount  of  double 
as  well  as  single,  curvature  can  be  given  to  Fiberglas  laminates  of  the 
appropriate  thickness,  with  only  a  small  variation  in  the  thickness  as  a 
result  of  the  heating  and  forming  operations.  Better  formability  can 
be  obtained  by  some  plasticization  of  the  resin,  but  this  results  in  a 
greater  change  of  thickness  in  the  laminate. 

13-6.  Materials  for  Construction  of  Sandwiches. — The  choice  of 
materials  for  fabrication  of  sandwich  radomes  is  usually  restricted  to 
those  which  have  low  loss  tangents  and  absorb  but  little  moisture,  espe- 
cially if  the  skins  are  thick,  if  second-order  spacing  is  used,  or  if  perpendicu- 
larly polarized  waves  are  to  be  incident  at  large  angles.  It  is  not  possible 
to  take  full  advantage  of  many  recent  structural  improvements  in  sand- 
wiches, because  electrical  requirements  must  first  be  satisfied.  Design  qf 
the  radome  sandwich  is  based  on  the  cancellation  of  the  reflections  of 
the  two  half  sandwiches.  It  is  not  electrically  necessary  for  the  core  to 
have  a  low  dielectric  constant;  but  in  order  that  the  sandwich  may  have 
good  strength /weight  and  stiff  ness/ weight  ratios,  the  core  must  have  as 
low  a  density  as  possible. 

1  See,  for  example,  "  Postf  orming  Laminates,"  Modern  Plastics  Encyclopedia  1946 
p.  1093. 
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The  low-density  materials1  for  cores  may  be  divided  into  three  cate- 
gories: cellular,  fibrous,  and  granular.  The  first  category  includes  several 
materials  that  may  be  considered  as  plastic  foams,  that  is,  expanded 
rigid  plastics  containing  nonconnecting  voids.  Such  foams  can  be  made 
of  hard  rubber,  synthetic  hard  rubber,  polystyrene,  cellulose  acetate, 
phenolic  resins,  and  polyester-styrene  resins.  Fibrous  materials  include 
balsa  wood,  Owens-Corning  glass  mat,  and  Forest  Products  Laboratory 
cellulosic  fiber  mat.  Instead  of  a  homogeneous  material  for  the  core,  a 
laminated  material  can  be  used  in  the  form  of  a  corrugated  sheet,  a 
dimpled  (waffle  iron)  sheet,  or  an  egg-crate  or  honeycomb  grid  con- 
struction; of  these,  the  last-mentioned  type  is  in  production.2 

Of  the  plastic  foam  materials,  cellulose  acetate  appears  to  be  hygro- 
scopic, while  polystyrene  foam  does  not  hold  up  at  high  temperatures. 
The  hard  rubber  foam  with  the  best  heat  resistance  is  that  based  on  the 
GR-N  type  of  elastomer  (butadiene-acrylonitrile  copolymer) ;  in  general, 
this  material  has  heat  resistance  superior  to  that  of  GR-S  and  natural 
hard  rubber  foams.  Commercially  available  hard  rubber  foams  differ 
appreciably  in  hygroscopic;  properties.  Phenolic  and  polyester-styrene 
foams  have  excellent  heat  resistance  but  run  somewhat  higher  in  density 
for  the  same  mechanical  properties  (cf.  Sec.  13-11). 

'  The  low-density  materials  that  have  been  used  most  successfully  in 
cores  are  GR-N  rigid  foam,  polyester-styrene  resin  foam,  and  the  "honey- 
comb" (hexagonal  Fiberglas  grid)  construction.  The  first-named 
material  can  be  formed  in  flat  sheets  and  then  softened  by  heat  to  obtain 
a  limited  amount  of  double  curvature.  The  same  results  do  not  seem  to 
be  possible  with  polyester-styrene  resin  foam.  The  Fiberglas  honey- 
comb, as  supplied,  can  also  be  bent  to  a  certain  amount  of  double  curva- 
ture. The  design  of  the  radome  determines  both  the  choice  of  core 
material  and  the  technique  of  fabrication. 

Fabric  laminates  are  used  for  the  skins  of  sandwich  radomes;  these 
materials  are  strong  and  permit  close  control  of  skin  thickness.  Lamin- 
ates of  Fiberglas  fabric  and  of  Fiber-A  that  absorb  but  little  moisture 
under  conditions  of  high  ambient  temperatures  and  relative  humidity  are 
satisfactory  for  the  skins  of  sandwich  radomes  (cf.  Sec.  13-4). 

13-6.  Fabrication  of  Sandwich  Radomes. — The  four  principal  methods 
that  have  been  used  for  the  fabrication  of  sandwich  radomes  are  the 
"foaming-in-place"  technique,  the  single-stage  and  two-stage  "wet  lay- 
up"  techniques,  and  the  "cementing"  technique. 

Foaming  in  Place. — The  inner  and  outer  skins  of  the  radome  are  made 

1  G.  B.  Rhoinfrank,  Jr.,  and  W.  A.  Norman,  "Core  Materials  for  Sandwich 
Structures,"  Modern  Plastics,  22,  No.  11,  127  (1945). 

2L.  S.  Meyer  and  J.  C.  Case,  "Honeycomb  Core  in  Sandwich  Structure,"  Modern 
Plastics,  22rNo.  11,  136  (1945). 
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•-  Female  form 


Male  form 


separately  with  Fiberglas  fabric  and  polyester-styrene  resin,  as  described 
in  Sec.  13-4  for  single-wall  laminated  radomes.  The  fully  cured  outside 
skin  is  then  placed  in  a  female  form,  and  the  inside  skin  placed  on  a  male 
form,  as  illustrated  in  Fig.  13-3.  The  polyester-styrene  resin  with  foam- 
ing agent  added  is  poured  into  the  space  between  the  skins.  The  assem- 
bly is  heated,  causing  the  core  resin  first  to  foam  and  then  to  cure  to  a 
rigid,  brittle  foam.  Recipes  have  been  developed  for  core  resins  that 
appear  to  give  fine-pored  cores  with  uniform  density  and  good  adhesion 
to  the  skins.  After  finishing  the  rim  of  the  mounting  area,  the  radomc  is 
complete.  Because  of  the  relatively  high  density  of  the  core  (about 

20  Ib/ft '),  this  type  of  construction  is 
suitable  only  for  a  small  radome  especially 
for  one  having  a  small  radius  of  curvature 
at  the  nose.  With  this  type  of  construc- 
tion it  is  possible  to  arrange  for  gradation 
in  thickness  so  as  to  get  maximum  trans- 
mission at  each  point  of  the  radome. 

Single-stage  Wet  Lay-up. — The  single- 
stage  wet  lay-up  technique  uses  a  fully 
cured  and  preformed  core  on  which  the 
skins  are  cured  in  the  course  of  the  molding 
operation.  For  core  material,  either  rigid- 
foam  board  of  the  OR-N  type  or  Plaskon 
"honeycomb"  material  is  used.  It  is 
necessary  to  remove  the  original  skin  of 
the  GR-N  board  to  a  depth  of  about  ^  in. 
because  it  is  impossible  to  obtain  a  good 
bond  with  its  original  surface  and  because 
there  appears  to  be  a  plane  of  weakness 
just  beneath  the  surface. 
When  hard  foam  of  the  GR-N  type  is  heated  it  manifests  a  high 
elasticity  and  is  capable  of  some  flow,  so  that  it  can  be  preformed  to  the 
shape  of  the  radome.  This  process  may  be  carried  out  in  two  ways.  In 
one,  each  board  is  roughly  cut  to  size  and  placed  on  a  metal  or  laminated- 
paper  phenolic  mandrel  or  template.  The  board  and  template  are  then 
enclosed  in  a  rubber  bag  and  placed  in  a  hot-air  oven.  When  the  bag 
and  its  contents  reach  the  desired  temperature,  a  vacuum  is  slowly  drawn, 
causing  the  board  to  bend  to  the  shape  of  the  template.  The  bag  is  then 
removed  from  the  oven  and  chilled  in  water;  the  vacuum  broken;  and 
the  contents  removed.  The  shaped  boards  are  then  carefully  trimmed 
and  fitted  together,  with  a  minimum  of  gaps,  on  the  radome  mold.  A 
single  mold  as  shown  in  Fig.  13-4  may  be  used.  It  may  be  of  sheet  metal, 
laminated-paper  phenolic-resin  plastic,  or  a  laminated  Fiberglas  plastic. 
Molds  of  the  last  two  varieties  may  themselves  be  made  by  the  low- 


^Liquid  resin 

containing 

foaming  agent 

FIG.  13-3. — Foaming-iri-place  tech- 
nique. 
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pressure  molding  technique,  so  that  the  relatively  large  number  of  molds 
required  for  even  a  short  production  run  can  be  prepared  quickly  and 
inexpensively.  An  alternative  forming  procedure  for  a  core  material 
of  the  GR-N  type  is  to  heat  each  board  until  it  is  limp  and  rapidly  press 
it  into  the  desired  portion  of  the  radome  mold.  The  boards  are  then 
trimmed  and  fitted  together  on  the  mold,  placed  in  a  rubber  bag,  evacu- 
ated, and  heated  in  an  autoclave.  This  step  results  in  a  more  perfect 
forming  of  the  boards  to  the  contour  of  the  mold.  Any  lateral  contrac- 
tion of  the  boards  caused  by  incomplete  cure  may  be  allowed  for  at  this 
stage. 

After  the  sections  of  the  core  have  been  formed,  the  single-stage  wet 
lay-up  can  be  made.  In  Fig.  13-4  a  cross  section  is  shown  of  the  lay-up 
for  a  saucer-shaped  streamlined  radome  for  installation  of  the  AN/ 


Cellophane 


Mounting  ring 
(canvas  with  liquid 
or  paste  resin) 


-4  Plies  ECC-1 1-128 

Fiberglas  with 
liquid  or  paste  resin 


Solid  plug 

(canvas  with 

liquid  or  paste  resin) 


Fio.  13-4. — Single-stage  wet  lay-up  technique. 

APQ-13  system  with  60-in.  scanner  on  the  Boeing  B-29  (cf.  Fig.  6-11). 
Upon  the  mold  is  first  placed  a  layer  of  cellophane  sheet  to  act  as  a  parting 
material.  A  fourfold  layer  of  heat-treated  ECC-l  1-128  fabric  impreg- 
nated with  polyester-styrene  resin  containing  a  catalyst  is  next  placed 
on  the  mold,  care  being  taken  to  stagger  the  fabric  overlaps.  This 
becomes  the  outer  skin.  The  sections  of  the  core  have  in  the  meantime 
been  coated  with  a  solution  of  the  catalyst  used  for  the  skin  resin  and 
dried  in  air.  The  core  is  laid  in  position  on  the  layers  of  Fiberglas.  A 
ring  of  impregnated  cotton  duck  is  laid  around  the  edge  of  the  core 
material,  and  a  hole  in  the  core  at  the  center  of  the  mold  is  similarly 
filled.  Fiberglas  fabric  for  the  inner  skin  is  then  placed  on  the  core  and 
covered  with  cellophane.  The  completed  lay-up  is  placed  in  a  rubber 
bag  which  is  then  evacuated.  Alternatively,  a  rubber  "blanket" 
clamped  to  the  rim  of  the  mold  can  be  used.  Curing  is  effected  in  an 
autoclave  as  with  the  single-wall  Fiberglas  radome  described  previously 
(Sec.  13-4).  A  typical  cure  requires  the  following  conditions:  pressure, 
20  lb/in.2;  temperature,  105°C;  time,  1  hr.  Upon  removal  of  the  fully 
cured  radome  from  the  mold,  the  mounting  ring  is  trimmed  along  the 
line  XX  and  drilled  for  the  mounting  attachments.  The  central  plug  is 
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drilled  at  YY  to  make  a  drain  hole,  and  the  radome  is  then  ready  for 
painting,  if  desired.  The  core  is  under  heat  and  pressure  for  an  appre- 
ciable time  in  this  fabrication  process,  and  there  is  a  possibility  of  partial 
or  complete  collapse  of  the  core.  In  Sees.  117  and  11-8  it  was  seen 
that  the  core  spacing  is  critical  for  some  streamlined  radomes.  For 
these,  any  plastic-foam  core  material  used  in  this  technique  must  have 
excellent  uniform  heat  resistance.  With  a  GR-N  foam  of  good  quality, 
a  density  of  12  lb/ft3  should  be  sufficient  to  withstand  these  molding 
conditions  without  appreciable  collapse.  More  severe  molding  condi- 
tions might  produce  stronger  and  more  weather-resistant  skins  but  with 
greater  danger  of  local  or  complete  collapse  of  the  core.  In  some  cases, 
such  collapse  appears  to  be  attributable  to  chemical  attack  by  the  skin 
resin. 

When  the  "catalyst  wash"  of  the  core  is  omitted  or  is  insufficient,  the 
core  material  will  partially  inhibit  the  cure  of  tho  skin  resin,  making  the 
skin  soft  and  poorly  bonded  to  the  core.  If  such  a  skin  is  stripped  from 
its  core,  the  resin  on  the  inside  of  the  skin  will  be  found  to  be  tacky  and 
to  smell  strongly  of  styrene.  When  the  core  has  been  properly  treated, 
the  bond  between  a  skin  and  its  core  is  formed  by  the  skin  resin  "keying" 
into  the  core  (cf.  Fig.  10-13) ,  causing  the  bond  between  the  skin  and  core  to 
be  stronger  than  the  core.  Generally  speaking,  the  core  should  be  as 
finely  grained  as  possible,  since  the  finer  the  pore  size  the  less  is  the  dif- 
ference between  the  effective  and  actual  skin  thickness  (Sec.  10-6).  With 
the  technique  described  above,  an  actual  skin  thickness  of  0.030  +  0.001 
in.  has  been  found  to  correspond  to  an  effective  skin  thickness  of  0.042  + 
0.002  in.  The  single-stage  wet  lay-up  procedure  can  be  used  with  Plas- 
kon-type  honeycomb  core  material;  some  details  of  the  technique  have 
been  published.1  Electrical  tests  on  sandwich  panels  with  both  GR-N 
foam  and  honeycomb  cores  have  already  been  discussed  (Sec.  11-12), 
and  the  mechanical  properties  of  such  panels  are  considered  in  Sec.  13-10 
and  the  properties  of  core  materials  in  Sec.  13-11. 

Two-stage  Wet  Lay-up. — For  deep  radomes,  such  as  streamlined 
c* bath-tub"  or  cylindrical-hemispherical  radomes  as  shown  in  Fig. 
9-3  a  modification  of  the  previous  technique  is  used.  The  impregnated 
fabric  for  the  outer  skin  is  cured  to  completion  on  the  mold,  as  for  a 
single-wall  laminated  radome  (Sec.  13-4).  The  inner  surface  of  the 
cured  outer  skin  is  carefully  sanded  so  as  to  remove  only  the  surface 
film  of  resin  and  then  coated  with  the  same  type  of  resin  (containing 
catalyst)  as  was  used  to  mold  the  skin.  A  preformed  core  previously 
washed  with  catalyst  is  next  laid  on  the  cured  skin,  followed  by  the 
impregnated  fabric  for  the  inner  skin  as  before.  In  a  second  curing 
operation,  there  occurs  both  the  bonding  of  the  outer  skin  to  the  core  and 

1 L.  S.  Meyer  and  J.  C.  Case,  loc.  cit. 
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the  curing  and  bonding  of  the  inner  skin.  This  two-stage  technique 
appears  to  be  electrically  and  mechanically  equivalent  to  the  single- 
stage  process,  provided  that  the  uncured  resin  is  not  adversely  affected 
by  prolonged  exposure  to  air. 

Cementing. — With  this  technique  the  procured  skins  are  cemented  to 
the  core  with  cold-  or  warm-setting  adhesive.  Cold-setting  resorcinol- 
formaldehyde  cements  such  as  Penacolite  give  an  extremely  good  bond 
when  heavily  applied;  but  because  these  cements  have  high  loss  tangents, 
there  is  a  reduction  in  transmission.  Rubber  cements  are  excellent 
electrically  but  do  not  give  a  good  bond.  With  this  type  of  construction, 
any  errors  or  irregularities  in  forming  the  skin  or  core  result  in  localized 
air  gaps  or  adhesive-filled  gaps  that  lead  to  serious  distortion  of  the  pat- 
tern. This  technique  is  not  recommended  for  the  fabrication  of  radomes. 

MECHANICAL  PROPERTIES  OF  RADOME  MATERIALS 

13-7.  Evaluation  of  Strength  and  Stiffness. — Because  the  design  of  a 
radome  involves  mechanical  as  well  as  electrical  problems,  methods  must 
be  devised  by  which  radome  materials  can  be  evaluated  both  mechani- 
cally and  electrically. 

In  this  section  are  developed  criteria  for  the  strength  and  stiffness  of 
the  electrical  portion  of  the  radome  wall.  Although  these  are  of  some 
value  in  comparing  radomes,  they  should  be  used  with  caution.  They 
are  of  little  use  in  determining  the  proper  design  of  the  nonelectrical  parts 
of  the  radome.  Furthermore,  radome  wall  materials  are  isotropic  in 
only  a  few  cases ;  in  a  plane  panel,  for  instance,  the  strength  and  stiffness 
criteria  may  vary  in  different  directions.  Also,  a  more  ductile  or  flexible 
material  may  allow  a  plastic  or  elastic  relaxation  of  stress  that  will 
strengthen  a  radome.  If  these  limitations  are  borne  in  mind,  the  strength 
and  stiffness  criteria  can  be  valuable  guides  in  the  selection,  evaluation, 
and  control  of  radome  materials. 

The  forces  that  are  exerted  on  the  wall  of  a  radome  in  use  are  likely 
to  be  complicated.  In  most  cases,  however,  the  important  ones  appear 
as  bending  and  shearing  couples.  The  latter  are  of  relatively  small 
consequence  for  fairly  homogeneous  materials  but  may  be  of  some  impor- 
tance for  sandwiches.  The  important  properties  of  a  wall  construction 
are  the  flexural  stiffness,  the  flexural  strength,  and  sometimes  the  anal- 
ogous quantities  connected  with  shear  stresses. 

Since  bending  of  a  beam  produces  tension  at  the  outer  surface  and 
compression  at  the  inner  surface,  it  is  clear  that  the  physical  property  of 
the  material  involved  is  its  elasticity.  In  the  elementary  theory  of  the 
flexure  of  beams  it  is  shown  that 

MP  =  El  =        ,  (1) 
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where  M  =  the  bending  moment  per  unit  width  of  beam, 

p  —  the  radius   of   curvature   of  the   originally  straight  beam 

(measured  with  respect  to  the  neutral  layer), 
E  =  Young's  modulus, 
/  =  the  moment  of  inertia  about  the  neutral  axis  of  a  cross  section 

of  unit  mass  and  unit  width  (/  =  d*/12), 
d  =  depth  of  the  beam. 

Within  the  elastic  limit  the  bending  moment  is  proportional  to  the 
reciprocal  of  the  radius  of  curvature.  The  constant  product  Mp  is  thus 
the  measure  of  the  flexural  stiffness  of  the  beam  and  equals  Ed3/ 12. 
The  proportionality  to  d'A  is  verified  experimentally. 

Simple  geometrical  considerations  show  that  the  greatest  value  of  the 
tensile  and  compressive  stresses  in  the  beam  SQ  is  proportional  to  the 
bending  moment,  the  relation  being 

«    -  m  (to 

60-^-  (2) 

so  long  as  the  strains  are  within  the  elastic  limit.  When  the  strains 
become  so  great  that  the  clastic  limit  is  exceeded  at  cither  surface  of  the 
beam,  Eq.  (2)  is  no  longer  accurately  valid.  If,  however,  Mmm  is  the 
value  of  the  bending  moment  per  unit  width  that  causes  failure  of 
the  beam,  we  can  write 

f  OiWf  mnx  /Q\ 

f*  =     ~f    •  (3) 

The  quantity  fb  has  the  dimensions  of  stress  and  is  approximately  equal  to 
the  maximum  value  of  tensile  or  compressive  stress  that  the  material 

can  withstand.  It  is  found  experiment- 
aiiy  that  Afmax  is  not  accurately  propor- 
tional to  d2,  so  that  fb  is  not  a  property 
of  the  material,  strictly  speaking.  The 
experimental  values,  however,  are  close 
enough  to  constancy  to  warrant  looking 
upon/b  as  a  quantity  that  gives  a  measure 

fto.  13-6.-  Simple  bendin*  teat.  rf    ^    ^^    rf  ^  materia,        R  jg 

called  the  flexural  strength  or  the  modulus  of  rupture. 

The  most  convenient  type  of  test  for  this  sort  of  panel  is  the  simple 
bending  test  in  which  a  beam  of  material  resting  upon  two  supports  is 
loaded  with  a  central  load,  as  in  Fig.  13-5.  The  bending  moment  varies 
linearly  from  zero  at  the  supports  to  a  maximum  value  at  the  center  of 
the  span.  If  the  load  carried  by  a  test  specimen  of  width  b  and  span  / 
is  W,  the  corresponding  maximum  value  of  the  bending  moment  per  unit 
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width  at  the  center  of  the  beam  is  given  by 

,,      Wl  ,., 

M  =  -4T  (4) 

When  Wmax  is  the  load  that  just  causes  failure  of  the  test  sample,  a  cor- 
responding value  of  Mmn  is  given  by  Eq.  (4).     Put  into  Eq.  (3)  it  gives 

/<J  ''  ma*"  /ff\ 

»  =  -2M'"-  (5) 

If  6  is  the  deflection  of  the  center  of  the  beam  produced  as  the  result 
of  the  load  W  at  the  center,  it  can  be  shown  to  equal  J2/12pmin,  where 
pmm  is  the  radius  of  curvature  of  the  beam  at  the  middle  of  the  span. 
Putting  this  value  of  pmm  and  M  from  Eq.  (4)  into  Eq.  (1)  yields  the 
expression 

W  =  ' 


Young's  modulus  is  thus  given  by 

(7) 


The  load-deflection  curve  is  often  a  straight  line  up  to  an  appreciable 
fraction  of  the  breaking  load;  d/W  is  obtained  from  the  slope  of  this  line. 
If  there  is  no  straight  portion  of  the  load-deflection  curve,  8/W  is  taken 
as  the  slope  of  the  load-deflection  curve  at  the  origin. 

There  is  also  a  constant  shearing  force  of  amount  W/2  on  each  half  of 
the  beam.  Thus,  if  the  span  I  is  great  enough,  the  shear  stress  is  negligi- 
ble in  comparison  with  the  bending  stress  which,  by  Eq.  (4),  increases 
with  increasing  I  for  given  W.  For  transverse  test  on  plastics,  a  span/ 
depth  ratio  of  at  least  16  has  been  standardized.1  With  a  span/depth 
ratio  equal  to  or  greater  than  16,  the  effect  of  shear  on  the  measured  values 
of  fb  and  E  appears  to  be  negligible  in  a  beam  of  homogeneous  material 
(see  Sec.  13-10).  In  testing  a  sandwich  construction  having  a  core  of  low 
density,  however,  it  may  be  necessary  to  use  much  greater  values  of  the 
span/depth  ratio  in  order  to  reduce  the  effect  of  shear  in  the  core;  in 
evaluating  thin  panels  of  a  relatively  weak  material,  such  as  Polyn'bre, 
it  may  be  necessary  to  use  a  span/depth  ratio  of  8  or  less  in  order  to  obtain 
a  reasonable  value  for  WmM.  The  most  heavily  stressed  central  cross 
section  is  under  the  local  concentration  of  stress  from  the  loading  foot 
and  is,  at  the  same  time,  adjacent  to  the  more  lightly  loaded  cross  sections. 
It  is  not  to  be  expected,  therefore,  that  the  value  of  Mmax  obtained  from  a 

1  American  Society  for  Testing  Materials,  "Tentative  Method  of  Flexural  Tent  of 
Plastics,"  D790-45T. 
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simple  bending  test  will  agree  too  well  with  a  value  that  would  be  obtained 
in  pure  bending. 

Figure  13-6  shows  a  bending  jig  that  has  been  designed  to  test  panels 
having  widths  up  to  |  in.  and  spans  from  0.64  to  5  in.     The  jig  is  provided 


Flo.  13-6. — Testing  of  flexure  on  thin  panela. 

with  an  electronic  deflection  gauge  of  the  "  Microf ormer "  type,  whose 
range  and  sensitivity  may  be  changed  as  required.  The  equipment  has 
been  used  in  a  Baldwin-Southwark  Universal  Testing  Machine  having 
a  scale  with  a  range  of  120  Ib  and  with  a  recorder  giving  autographic 
load-deflection  curves. 

Actual  panels  made  by  the  processes  described  in  the  preceding 
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sections  are  not  likely  to  be  truly  uniform  or  homogeneous.  If,  however, 
test  panels  are  made  using  the  same  materials  and  methods  of  fabrication 
as  will  be  used  for  actual  radomes,  the  results  of  the  bending  tests  will 
be  of  some  significance.  With  homogeneous  materials  such  as  cast 
acrylic  plastic  sheet  and  quasi -homogeneous  materials  like  Polyfibre 
plastic  and  Fiberglas  laminates,  quantities  are  obtained  (E  and/h)  having 
the  dimensions  of  stress  that  may  be  considered  to  be  characteristic  of 
the  material  to  a  first  approximation.  The  values  of  these  quantities 
usually  depend  upon  the  face  of  the  panel  that  is  in  compression  in  the 
flexural  test  and  on  the  original  orientation  of  the  length  of  the  test  beam 
in  the  panel  from  which  it  was  taken.  It  is  generally  advisable  to  test 
some  specimens  with  a  given  face  in  compression,  others  with  the  same 
face  in  tension,  and  still  others  with  different  orientations  relative  to  the 
sheet.  If  the  properties  of  a  panel  vary  appreciably  from  point  to  point, 
a  representative  selection  of  test  samples  should  be  made.  It  is  occasion- 
ally necessary  to  test  specimens  at  high  temperatures  in  order  to  find  the 
temperature  dependence  of  the  mechanical  properties. 

13-8.  Flexural  Properties  of  Thermoplastics. — Table  13-1  gives  the 
results  of  tests  on  polystyrene,  molded  Polyflex,  and  acrylic  plastic. 

TABLE  1(3-1. — FLEXURAL  PROPERTIES  OF  THERMOPLASTICS 


Material 

d,  in. 

/ 
d 

/,„  lb/m.2 

E,  lb/in.2 

Polymethyl  mcthacrylate  (" 
Poly  methyl  meth  aery  late  (" 
Polystyrene 

Plexiglas")     . 
Ploxiglas")  

0.057 
0.390 
0  112 

18 
15 
16 

15,900 
13,900 
9  ,  390 

0.40  X  10' 
0.39  X  10' 
0  49  X  10fl 

Polyflex 

0  075 

13 

13  300 

0  38  X  106 

Reduced-density  Polystyrene  Plastics. — Dow  Q-107  polystyrene  fiber  is 
supplied  in  the  form  of  bats  of  oriented  fiber.  It  is  usually  inconvenient, 
in  practice,  to  lay  up  these  bats  crossed,  i.e.,  with  the  direction  of  the 
fibers  in  alternate  layers  of  bat  at  right  angles  to  each  other.  For  this 
reason  the  strength  and  stiffness  of  a  Polyfibre  radome  wall  in  the  direc- 
tion of  the  fibers  may  be  two  to  three  times  the  strength  and  stiffness 
transverse  to  the  direction  of  the  fibers.  In  order  to  evaluate  the  oriented 
molded  plastic  as  a  radome  material  and  to  compare  it  with  other  reduced 
density  materials,  the  average  should  be  taken  between  the  values 
parallel  and  perpendicular  to  the  fiber  direction. 

Figure  13-7  gives  the  results  of  flexural  tests  on  four  panels  of  Dow 
Q-107  molded  Polyfibre  plastic.  The  panels  were  all  about  0.1  in.  thick 
and  were  prepared  by  a  standard  procedure  of  fabrication  for  this 
material.  The  data  given  in  Fig.  13-7  thus  represent  the  specific  flexural 
properties  of  radome  walls  for  low-reflection  thin-wall  radomes  to  be  used 
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for  the  3-cm  band.  Material  of  two  slightly  different  solvent  contents 
was  used  for  the  preparation  of  the  test  panels,  which  presumably 
accounts  for  the  mechanical  properties  of  the  panel  of  specific  gravity 
1.00  being  slightly  poorer  than  those  of  the  panel  of  specific  gravity  0.94. 
Figure  13-7  gives  the  values  (obtained  at  25°C)  of  the  modulus  of  rupture 
fb  and  of  Young's  modulus  in  bending  E  both  when  the  span  is  parallel 
and  when  it  is  perpendicular  to  the  direction  of  the  fibers.  The  average 
values  of  fb  and  E  for  each  panel  are  also  given.  In  Sec.  13-13  the  dielec- 
tric constants  of  these  materials  are  discussed;  it  is  shown  in  Sec.  13-15 
that  material  having  a  specific  gravity  of  about  0.80  has  the  optimum 
combination  of  mechanical  properties  and  dielectric  constant  for  thin- 
walled  radomes. 

It  has  been  pointed  out  (Sec.  13-3)  that  the  heat  resistance  of  molded 
polystyrene  fiber  plastics  is  marginal.     If  a  radome  is  exposed  to  strong 


%  solvent 


103X15 


0.70      0.75 


0.80      085      0.90 
Specific  gravity 

(a)   Strength. 


0.80      085      090 
Specific  gravity 

(b)   Stiffness. 


FIQ.  13-7. — Flexural  strength  and  stiffness  of  molded  Dow  Q-107  Polyfibre. 

sunlight,  the  direct  radiation  from  the  sun  will  make  the  surface  tem- 
perature much  higher  than  the  ambient  temperature;  this  effect  is  most 
severe  when  the  radome  is  painted  a  dark  color.  If  it  can  be  assumed 
that  the  surface  temperature  of  the  radome  under  such  conditions  will 
not  exceed  70°C,  a  polystyrene  fiber  plastic  will  be  suitable  for  radome 
use  at  this  temperature  provided  that  the  material  remains  stable  (that 
is,  if  contraction  in  the  direction  of  the  fibers  does  not  take  place  on 
exposure)  and  that  the  values  of  the  mechanical  moduli  are  appreciable 
fractions  of  the  corresponding  values  at  25° C. 

Figure  13-8  shows  the  average  of  the  values  of  /&  and  E  measured 
parallel  and  perpendicular  to  the  direction  of  the  fibers  in  four  panels  of 
molded  low-solvent  Dow  Q-107  Polyfibre  (0.8  per  cent  solvent  content). 
Data  for  both  25°  and  70° C  are  given.  Although  the  optimum  specific 
gravity  for  this  type  of  material  appears  to  be  about  0.75  (cf.  Sec.  13-15), 
a  higher  density  might  have  to  be  used  in  practice  to  facilitate  the  cement- 
ing of  the  reinforcement  in  the  nonelectrical  area.  This  low-sol ven I 
material  thus  seems  to  be  adequately  heat  resistant  for  surface  tempera- 
tures up  to  at  least  70°C.  If  the  reinforcing  skins  outside  the  elec- 
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trical  area  are  cemented  on  by  means  of  solvent-type  cement,  the  presence 
of  residual  solvent  reduces  the  heat  resistance  of  that  portion  of  the 
radome. 

It  has  been  mentioned  (Sec.  13-3)  that  Dow  Q-274  Polyfibre  and  the 
Bakelite  polystyrene  fiber  are  molded  to  an  optimum  density  somewhat 
less  than  that  for  the  Q-107  material.  The  results  of  ftaxural  tests  on 
early  panels  of  these  materials  are  given  in  Table  13-2.  The  first  material 

103XIO  ; 

•f      5; 

.E         ; 

0.65 


106X0.5 
„      0.4 
0.3 
0.2 
0.1 


0.70 


0.75      0.80      0.85 
Specific  gravity 

(a)   Strength. 


0.90 


0.65      0.70      0.75      0.80      0.85 
Specific  gravity 

(fe)   Stiffness. 


0.90 


FIG.  13-8. — Effect  of  temperature  on  llexural  strength  and  stiffness  of  molded  low-solvent 

Dow  Q-107  Polyfibre. 

in  Table  13-2  compares  well  with  Dow  Q-107  molded  Polyfibre,  while 
the  second  one,  because  of  its  low  strength  and  low  density,  is  best  used 
for  the  3-cm  band  as  the  core  of  a  sandwich  with  very  thin  Fiberglas- 
polystyrene  skins. 

TABLE  13-2. — FLEXTJRAL  PROPERTIES  OF  REDUCED-DENSITY  POLYSTYRENE  PLASTICS 


Material 

rf,  in. 

Specific, 
gravity 
(approx.) 

/h.lh/in.1 

E,  lb/in.2 

Dow  Q-274  Polyfibre    

0.147 

0.62 

3600 

0  091  X  106 

Bakelite  polystyrene  fiber 

0  142 

0  53 

1200 

0  044  X  106 

13-9.  Flexural  Properties  of  Thermosetting  Laminates.  Fiberglas 
Laminates. — Laminates  of  Owens-Corning  Fiberglas  fabric  and  Dupont 
Fiber- A  fabric  with  thermosetting  resins  have  low  loss  tangents  and  low 
absorption  of  moisture  and  are  suitable  for  use  in  radomcs.  Fiberglas 
fabric  has  been  used  extensively  for  radomes,  whereas  Fiber-A  fabric  has 
been  used  experimentally  only.  Laminates  of  knitted  glass  fabric  have 
also  been  used  successfully  in  the  fabrication  of  small  streamlined  arid 
other  beacon  housings  where  the  lower  specific  strength  and  stiffness 
can  be  tolerated.  It  is  well  known  that  the  tensile  strength  of  a  glass 
filament  increases  rapidly  with  decrease  in  diameter  of  the  filament. 
This  property  has  been  taken  into  account  in  the  development  of  Owens- 
Corning  Fiberglas  fabric,  in  which  an  extremely  fine  filament  is  used  to 
obtain  a  fabric  of  high  tensile  strength.1  Thus,  laminates  of  Fiberglas 


i  F.  O.  Anderegg,  Ind.  Eng.  Chem.  31,  290  (1939). 
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fabric,  when  tested  for  tension  in  the  direction  of  the  fabric  warp  or 
filling,  show  high  tensile  strengths  and  moduli  attributable  largely  to 
the  reinforcing  fabric.  They  are  usually  not  so  strong  under  compres- 
sion. Under  optimum  conditions  the  compressive  strength  of  a  good 
Fiberglas  laminate  is  about  the  same  as  its  tensile  strength,  while  the 
compressive  strength  of  a  poor  laminate  may  be  only  one-tenth  as  great. 
When  Fiberglas  laminates  are  tested  in  simple  bending,  it  is  found  that 
failure  first  occurs  on  the  compression  side  at  the  cross  section  where  the 
bending  moment  is  maximum.  If  further  deflection  is  applied  to  the 
specimen,  failure  occurs  on  the  tension  side.  The  first  compression 
failure  may  not  be  observed  if  the  load  is  applied  by  means  of  dead  weights. 
A  Fiberglas  laminate  tested  parallel  to  the  warp  or  filling  behaves  like  wood 
tested  parallel  to  the  grain,  showing  greater  strength  in  tension  than  in 
compression.1  The  properties  of  glass  fabric  laminates  are  thus  in 
marked  contrast  to  the  properties  of  block  glass,  which  is  stronger  in 
compression  than  in  tension. 

In  view  of  the  large  number  of  factors,  many  of  which  are  uncontrol- 
lable, that  affect  the  modulus  of  rupture  and  modulus  of  elasticity  in 
bending  of  Fiberglas  laminates,  significant  data  are  difficult  to  obtain. 
The  following  paragraphs  present  some  data  obtained  with  carefully 
prepared  laboratory  samples  in  which  undesired  variables  were  eliminated 
as  much  as  possible. 

Effect  of  Treatment  of  Fabric  and  Thickness  of  Plies. — Flexural  tests 
have  been  made  on  four  Fiberglas  laminates  containing  respectively  3 
layers  and  9  layers  of  ECC-1 1-162  Fiberglas  fabric  and  9  layers  and  30 
layers  of  ECC-1 1-1 12  Fiberglas  fabric.  For  each  arrangement,  three 
samples  were  tested,  one  each  with  untreated  fabric,  heat-cleaned  fabric, 
and  heat-treated  fabric.  The  resin  contents  ranged  from  37  to  47  per 
cent.2  The  flexural  tests  summarized  in  Table  13-3  give  the  averaged 
results  of  tests  made  parallel  and  perpendicular  to  the  warp  direction. 
It  is  seen  that  the  effect  of  heat-treatment  of  the  fabric  is  always  to 
improve  the  flexural  strength  greatly,  whereas  heat  cleaning  of  the  fabric 
results  in  a  smaller  improvement.  The  flexural  stiffness  follows  a  similar 
although  less  marked  behavior.  Comparing  the  first  and  third  and  also 
the  second  and  fourth  sections  of  Table  13-3,  it  appears  that  the  modulus 
of  rupture  depends  not  upon  the  number  of  layers  of  fabric  but  upon  the 
thickness  of  each  ply. 

The  resin  contents  used  in  the  above  panels  seem  to  be  about  optimum 

1  See,  for  example,  "Form  Factors  of  Beams  Subjected  to  Transverse  Loading 
Only,1'  Forest  Products  Laboratory  Report  No.  1310  (reprinted  from  National 
Advisory  Committee  for  Aeronautics  Report  No.  181),  Forest  Products  Laboratory, 
Madison,  Wis.,  October  1941. 

8  The  specimens  were  supplied  by  the  Owens-Corning  Fiberglas  Corporation  and 
were  cured  with  Bakelite  BRS  16631  resin  at  contact  pressure. 
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for  mechanical  properties.  In  practice  lower  resin  contents  are  used, 
since  in  molding  a  radome  with  double  curvature  it  is  desirable  to  use 
appreciable  pressure  (15  to  50  lb/in2)  in  order  to  obtain  good  contact 
between  the  plies.  If  the  excess  resin  is  squeezed  out  before  gelation 
occurs,  an  equilibrium  resin  content  of  25  to  30  per  cent  by  weight  is 

TABLE  13-3. — EFFECT  OF  FABRIC  TREATMENT  AND  NUMBKR  OF  PLIES  OF  FABRIC 
ON  THE  FLEXTTRAL  PROPERTIES  OF  FIBURULAS  LAMINATKS 


No.  of 
layers  of 
fabric 

Grade  of 
fabric 

Treatment 
of  fabric* 

Thickness 
of  lami- 
nate, in. 

Modulus 
of  rupturo, 
lb/in.2 
ft,  X  10--' 

Young's 
modulus, 
lb/in  2 
E  X  10  •• 

Specific 
dielectric 
constant 

*' 
to 

U 

0.028 

33  4 

2.08 

3.72 

9 

EOO-11-112 

•       HO 

0  031 

30.3 

2.27 

3.96 

IIT 

0.032 

42.1 

2.21 

3.76 

U 

0.048 

25  .  3 

1.12 

3.45 

3 

EOO-11-162 

•       HO 

0.052 

29.7 

1.34 

3.62 

TTT 

0.046 

32.9 

1  .80 

4  00 

f      U 

0.077 

32.6 

2  59 

4  05 

30 

ECC-1  1-112 

\      HO 

0.083 

35.8 

2  59 

3.90 

1      HT 

0.087 

42.6 

2.49 

4.05 

f      U 

0.158 

22.9 

1   76 

9 

EOO-U-162 

HO 

0.154 

32.8 

1.88 

(      HT 

0.142 

34.7 

2.20 

*  U  ="  untreated  fabric.*, 
HC  =  heat-cleaned  fubiic, 
HT  =  heat-tieated  fabric. 

obtained.  With  lower  resin  contents,  poorer  mechanical  properties  are 
obtained,  and  the  improvement  in  mechanical  properties  resulting  from 
heat-treatment  of  the  fabric  is  more  marked  in  practice  than  is  indicated 
in  Table  13-3.  Table  13-4  gives  the  flexural  properties  of  some  laminates 
prepared  by  a  commercial  molder  using  his  standard  technique,  following 

TABLE  13-4. — KFFEOT  OF  HEAT  TREATMENT  AND  NUMBER  OF  PLIKS;  KOO-11-162 
FIBERGLAS  FABRIC,  BAKEMTE  BRS  16631   RESIN 


No.  of 
plies 

Treatment 
of  fabric 

Thickness  of 
laminate,  in. 
d 

Modulus  of 
rupture, 
lb/in.2 

h  x  io~3 

Young's 
modulus, 
lb/in.2 
E  X  10"" 

Specific 
dielectric 
constant 

3 

Untreated 

0.054 

16.6 

1.15 

3.36 

3 

Heat-treated 

0.058 

27.1 

1.56 

3.50 

9 

Untreated 

0.146 

16.0 

1.66 

3.77 

9 

Heat-treated 

0.168 

22  3 

1.59 

3.56 
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the  procedure  outlined  in  Sec.  13-4  (Fig.  13-2).  It  is  seen  that  for  samples 
prepared  under  industrial  conditions,  the  effect  of  heat-treating  is  more 
pronounced  than  it  is  for  samples  prepared  under  laboratory  conditions. 
Heat-treatment  of  fabric  to  be  used  in  Fiberglas  single-wall  radomes  is 
therefore  to  be  recommended.  It  would  also  appear  preferable  to  use  very 
fine  Fiberglas  fabric,  such  as  ECC-1 1-1 12  grade.  The  greatly  increased 
difficulty  of  handling  a  large  number  of  layers  of  fine  fabric,  however, 
makes  it  undesirable  to  use  this  material.  For  many  purposes,  including 
thin-wall  radomes  for  the  10-cm  band  and  sandwich  radomes  for  the  3-cm 
band,  a  satisfactory  compromise  is  to  use  the  ECC-1 1-128  fabric.  In 
the  fabrication  of  radomes  of  half -wavelength  thickness  for  the  1-cm 
band,  ECC-1 1-162  fabric  is  preferable  to  avoid  the  necessity  of  using  an 
excessive  number  of  plies. 

Effect  of  Resin  Content  on  Properties  of  Fiberglas  Laminates. — It  was 
mentioned  in  Sec.  10-4  that  where  it  is  desired  to  de-ice  a  radome,  the 
double- wall  type  of  construction  can  be  used  because  hot  air  can  be  passed 
through  the  space  between  the  walls.1  The  Fiberglas  laminates  compris- 
ing the  radome  walls  must  possess  good  flexural  properties  at  the  maximum 

TABLE  13-5. — EFFECT  OF  RESIN  CONTENT  ON  FLEXURAL  PROPERTIES  OF  FIBERGLAS 

LAMINATES  AT  25°  AND  120°0 
Laminate:  7  Plies  Heat-treated  ECC-1 1-1 28  Fiberglas  with  Laminae  X-4000  Resin. 


Modulus  of 

Modulus  of 

Resin 
content, 

%  by 

Specific 
gravity 

Specific 
dielectric 
constant 

Thick- 
ness, in. 
d 

rupture, 
lb/in.2 

fh  x  io-;! 

elasticity, 
lb/in.  2 
E  X  l()-fi 

weight 

f 

25°C 

120°C 

25°C 

120°( 

43.0 

1.67 

4.23 

0.056 

30  6 

25.2 

1.44 

1.28 

41.6 

.70 

4.30 

0.055 

25.8 

20.1 

1.29 

1.03 

36.3 

.72 

4.10 

0.049 

33.0 

21.9 

2.10 

1.32 

32.6 

64 

4.06 

0  049 

34  9 

17.2 

2.07 

1.04 

31.7 

68 

4.06 

0  049 

33.1 

17.7 

2.04 

0.83 

27  8 

.50 

3.79 

0.050 

29.6 

11.2 

1.84 

0.74 

24.6 

.50 

3.73 

0.049 

21.2 

9.4 

1.65 

0.78 

temperature  of  the  hot  air,  perhaps  120°C.  The  flexural  tests  on  the 
plastic  material  must  then  be  carried  out  at  an  appropriate  temperature. 
Table  13-5  gives  data  on  flexural  strength  and  stiffness  of  a  series  of  Fiber- 
glas laminates  consisting  of  seven  plies  of  heat-treated  ECC-1 1-1 28 
Fiberglas  fabric  and  American  Cyanamid  Laminae  X-4000  resin.2  Five 
of  these  panels,  with  resin  contents  ranging  from  24.6  to  36.3  per  cent  by 

1  As  in  the  leading  edge  of  the  Eagle  vane  (see  Sec.  14-5). 

2  These  panels  were  kindly  supplied  by  American  Cyanamid  Company. 
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weight,  were  cured  under  identical  conditions,  the  content  being  varied 
by  varying  the  impregnation  of  the  fabric.  Two  of  the  panels,  contain- 
ing respectively  41.6  and  43  per  cent  resin  by  weight,  were  cured  under 
different  conditions  in  order  to  obtain  the  high  resin  content.  With 
these  two  specimens,  the  load-deflection  curves  at  120°C  were  initially 
linear,  making  it  easy  to  determine  E  in  bending.  With  specimens  con- 
taining only  a  small  amount  of  resin  there  was  no  initial  linear  part, 
since  they  exhibited  pronounced  plastic  flow  at  the  higher  temperature. 
The  values  of  strength  and  stiffness  at  120°C  for  these  specimens  are  of 
slight  significance. 

It  will  be  observed  that  for  the  last  five  panels  in  Table  13-5,  the 
resin  content  increases  with  specific  gravity  and  dielectric  constant 
whereas  the  thickness  remains  unchanged.  A  reduction  in  resin  content 
through  under-impregnation  of  the  fabric  must  therefore  result  in  the 
creation  of  a  large  proportion  of  voids  in  the  laminate.  Although  a  low 
dielectric  constant  can  be  obtained  in  this  way,  the  resulting  mechanical 
properties  are  poor,  especially  at  high  temperatures.  From  Table  13-5, 
it  appears  that  the  best  mechanical  properties  at  25°0  correspond  to  a 
resin  content  of  about  33  per  cent;  but  in  order  to  obtain  the  best  proper- 
ties at  120°C,  the  maximum  possible  resin  content  should  be  used. 

Fiberglas  Laminates  with  High  Dielectric  Constant. —  It  has  been  men- 
tioned in  Sec.  13-4  that  P'iberglas  laminates  of  high  dielectric  constant 
can  be  obtained  by  impregnating  the  fabric  with  a  mixture  of  the  laminat- 
ing resin  and  titanium  dioxide.  In  order  to  obtain  a  high  dielectric 
constant,  it  is  necessary  to  have  an  appreciable  volume  of  titanium  dioxide 
present  in  the  laminate  (see  Sec.  13-13).  Table  13-6  gives  the  properties 
of  two  laminates  made  in  this  manner.  Eight  plies  of  ECC-1 1-128 
untreated  Fiberglas  fabric  impregnated  with  BRS  16031  Bakelite  were 
used  for  each.  In  practice,  the  proportions  of  resin,  filler,  and  fabric 
have  to  be  accurately  controlled  in  order  to  obtain  a  closely  controlled 
dielectric  constant.  It  should  be  noticed  that  the  thickness  of  the 

TABLE  13-6. — PROPERTIES  OP  FIBEHGLAS  LAMINATES  CONTAINING  TITANIUM  DIOXIDE 


Thick- 
ness, in. 

Parts  TiO>  to 
100  parts 

Modulus  of 
rupture, 
lb/in.2 

Modulus  of 
elasticity, 
lb/in.2' 

Specific 
dielectric 
constant 

fb  x  io-g 

E  X  10-G 

eo 

0.079 

121 

19.8 

1.38 

7.07 

0.091 

229 

22.3 

1.70 

9.25 

panels  in  Table  13-6  is  greater  than  for  such  laminates  without  titanium 
dioxide.     These   laminates    can    therefore    be    considered    as    Fiberglas 
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laminates  in  which  part  of  the  glass  fabric  filler  is  replaced  by  titanium 
dioxide  powder.  In  spite  of  the  large  amount  of  low-strength  filler,  the 
flexural  properties  of  the  panels  compare  well  with  those  of  regular 
Fiberglas  laminates. 

Reduced-density  Laminates. — Regular  Fiberglas  laminates  usually 
include  a  certain  amount  of  air  (or  voids).  To  some  extent  the  dielectric 
constant  and  mechanical  properties  arc  affected  thereby.  In  a  reduced- 
density  laminate,  the  material  contains  an  intentional  and  controlled 
proportion  of  voids  (cf.  Sec.  13-4),  these  voids  being  obtained  by  using  an 
open- weave  (leno)  fabric  such  as  marquisette.  Table  13-7  gives  data  on 
the  mechanical  and  electrical  properties  of  a  reduced-density  thermo- 
setting  laminate  having  a  core  consisting  of  heat-treated  leno-weave 
Fiberglas  fabric  and  faces  of  one  ply  each  of  heat-treated  ECC-11-112 
Fiberglas  fabric.  The  table  also  includes  data  on  a  laminate  whose  core  is 
viscose  rayon  marquisette  with  faces  of  one  ply  of  airplane  cloth.  These 
materials  are  evaluated  more  fully  in  Sec.  13-15. 

TABLE   13-7.— REDUCED-DKNSITY  LAMINATES 


Specific 

(  'ore 

Faces 

Thickness, 

Modulus  of 
rupture, 

Modulus  of 
elasticity, 

dielectric 
constant 

in. 

lb/in.z 

lb/in.» 

t 

to 

11  Plies  X-1542 

1-ply 

0  074 

18,350 

1,300,000 

2.78 

leno-wcavc 

KOO-1  1-112 

Fiberglas 

Fiberglas 

14  plies  viscose 

1-ply  airplane* 

0.092 

11,070 

139,000 

2  .  25 

rayon 

cloth 

marquisette 

Laminates  for  Half -wavelength  Radomes. — Laminated  fabric  plastics 
are  of  value  for  half -wavelength  radomes.  For  the  1-cm  band,  laminates 
of  Fiberglas  fabric  with  polyester-sty rene  resins  may  be  used.  (If  poly 
2,5  dichlorostyrene,  Monsanto  Styramic  HT,  is  used  as  the  resin,  a 
slightly  lower  loss  tangent  is  obtained.)  As  Fiberglas  laminates  contain 
variable  amounts  of  resin  and  voids,  any  given  construction  varies  in 
thickness  and  dielectric  constant,  which  might  give  trouble  in  stream- 
lined radomes  of  modified  half-length  thickness.  Fiber-A  laminates 
have  low  loss  tangents  and  appear  to  be  more  uniform  in  dielectric  con- 
stant (see  Sec.  13-14).  Table  13-8  presents  the  flexural  properties  of 
several  panels  of  approximately  half- wavelength  thickness  for  the  1-cm 
band. 
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TABLE  13-8. — LAMINATES  FOR  HALF-WAVELENGTH  RADOMES 
1-cm  band 


Modulus  of 

Young's 

rupture, 

modulus, 

lb/in.2 

Ib/in.2 

No. 

Thick- 

/b  X  10-' 

E  X  10~6 

nf 

iji  i    • 

11 

Ol 

plies 

-T  a  one 

I  vP/Slll 

ness,  in  . 
d 

Parallel 

45° 

Parallel 

45° 

to  warp 

to  warj) 

to  warp 

to  warp 

and 

and 

and 

and 

filling 

filling 

filling 

filling 

8 

KCC-11-162 

Bak  elite 

0  130 

34.1 

23.3 

1.90 

1  65 

Fibcrglas 

BUS  16631 

(heat-treated) 

9 

EOC-ll-162 

Monsanto 

0.  I3f) 

26.3 

19.  A 

2.0(5 

1.14 

Fiberglas 

dichloro- 

(brat-treated) 

styrene 

Knitted 

Pittsburgh 

0.152 

11.3 

0.62 

Fiber-  A 

Plato 

({lass  (\). 

Selection 

12 

Woven 

Bakelit.p 

0.145 

15.0 

0.55 

Fiber-  A 

BRS  10031 

13-10.  Mechanical  Properties  of  Sandwiches. — The  two  types  of 
loading  to  which  an  element  of  a  sandwich  radome  may  be  subjected  are 
illustrated  in  Fig.  13-9.  At  a  the 
element  is  under  pure  bending 
stress,  and  at  b  it  is  under  shear. 

Stiffness  in  Pure  Bending. — 
For  a  symmetrical  sandwich,  the 
neutral  layer  is  equidistant  from 
the  faces.  The  applied  bending 
moment  per  unit  width  of  beam  is 
M,  and  p  is  the  radius  of  curvature  of  the  bent  beam  referred  to  the 
neutral  layer.  If  the  elastic  limit  is  not  exceeded,  the  appropriate 
generalization  of  Eq.  (1)  of  Sec.  13.7  is 


Pure  bending  Shear 

(a)  (6) 

FIG.  13-9. — Types  of  loading. 


Mp  =  EL  =  EJ.  +  EJC  = 


12 


J^  + 


12 


(8) 


where  E,  and  Ec  are  Young's  moduli  for  the  skin  (face)  and  core  respec- 
tively, h  is  the  over-all  thickness  of  the  sandwich,  and  d,  arid  dc  are  the 
skin  thickness  and  core  thickness,  respectively.  (In  this  chapter  the 
unprimed  quantities  ds  and  dc  indicate  the  actual  thicknesses  rather  than 
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effective  thicknesses  as  in  previous  chapters.)  For  many  practical 
sandwich  arrangements,  da  is  small  compared  with  h,  so  the  flexural  stiff- 
ness can  be  approximated  by 

,,         VT       EJid*dc    ,  E41  fCfr 

Mp  =  LJ  «  —  ----  1"  "~'  W 


With  sandwiches  having  laminated  Fibcrglas  skins  and  low-density 
cores,  the  second  term  on  the  right-hand  side  of  Eq.  (9),  representing  the 
contribution  of  the  core  to  the  flexural  stiffness  of  the  beam,  is  usually 
negligible.  Take,  for  example,  the  following  set  of  values: 

Es  =  2.5  X  lOMb/in.2, 
Ec  =  20,000  Ib/in.2, 

h  =  0.445  in., 

d,  =  0.030  in. 

Then  the  first  term  of  Eq.  (9)  equals  6430  lb-in.2  per  inch  of  width,  and 
the  second  term  equals  95  lb-in.2  per  inch  of  width.  Thus,  for  sand- 
wiches with  low-density  cores  and  thin  skins,  the  flexural  stiffness  is 
given  approximately  by 


Mp  =  El  «  -.  (10) 

This  approximation  does  not  apply  to  sandwiches  where  the  core  con- 
tributes appreciably  to  the  stiffness  of  the  sandwich,  as,  for  instance, 
with  a  sandwich  having  a  core  of  polyfiber  plastic  and  faces  of  very  thin 
Fiberglas  laminates. 

Strength  in  Pure  Bending.  —  The  strength  of  a  sandwich  construction 
in  pure  bending  can  be  represented  as  with  a  homogeneous  beam  by  the 
maximum  terminal  couples  Af^  that  can  be  applied  to  a  beam  of  unit 
width  before  it  fails.  Usually,  with  sandwiches  having  low-density 
cores,  the  flexural  strength  is  primarily  due  to  the  skins  of  the  sandwich. 
With  laminated  Fiberglas  and  Fiber-A  faces,  failure  usually  takes  place 
in  the  face  of  the  sandwich  under  compressive  stress.  It  is  assumed  that 
the  skins  and  core  follow  Hooke's  law  (stress  is  proportional  to  strain)  up 
to  failure.  For  a  symmetrical  sandwich,  the  distance  from  the  neutral 
layer  to  the  outside  of  the  compression  face  is  A/2;  thus,  the  maximum 
bending  moment  carried  by  unit  width  of  beam  in  pure  bending  is 


-~        ,*c,  (11) 


Avhere  /,  is  the  compressive  strength  of  the  faces.     The  value  of  /„,  deter- 
mined by  means  of  a  bending  test  on  a  panel  of  thin-skinned  sandwich 


SEC.  13-10]       MECHANICAL  PROPERTIES  OF  SANDWICHES  397 

with  low-density  core,  is  found  to  be  somewhat  higher  than  the  value  of 
ft  obtained  directly  by  means  of  an  edgewiso  compression  test  on  the  same 
panel.  This  discrepancy  is  the  result  of  assuming  that  Hooke's  law  holds 
until  failure. 

Sandwich  Beams  under  Transverse  Load.  —  In  actual  practice,  radomes 
are  loaded  by  aerodynamic  loads  normal  to  the  surface  and  by  the  reac- 
tions at  the  supports;  thus,  in  addition  to  the  longitudinal  stresses  in  the 
skin  and  core,  shear  stresses  are  also  present.  The  deflection  of  tho 
radome  under  load  is  due  partly  to  the  action  of  longitudinal  stresses  and 
partly  to  the  action  of  shear  stresses;  the  deflection  due  to  shear  stresses 
may  be  an  appreciable  part  of  the  total  deflection.  Breakdown  may 
occur  not  only  through  compression  (or  tension)  failure  in  the  faces  but 
also  through  failure  in  the  core  resulting  from  shear  stress  or  combined 
longitudinal  and  shear  stress;  failure  of  the  core-skin  bond  may  also 
occur. 

In  order  to  evaluate  the  strength  and  stiffness  of  the  sandwich  con- 
struction under  transverse  load,  it  is  necessary  to  study  the  behavior  of 
beams  cut  from  plane  panels  and  tested  in  simple  bending  as  illustrated 
in  Fig.  13-5. 

Assume  that  a  beam  of  breadth  b  and  of  span  I  is  loaded  centrally  with 
a  load  W.  If  the  skin  thickness  d»  is  small  compared  with  the  over-all 
thickness  h,  and  if  Ec  is  small  compared  with  Eg,  then  the  shear  stresses 
in  the  core  and  at  the  core-skin  interface  at  any  section  along  the  beam  are 
given  approximately  by  W  /2bdc  where  dc  is  the  core  thickness.  The 
deflection  of  the  beam  at  the  center  due  to  shear  88  is  then  given  by  the 
approximation  of 

Wl  Wl 


where  the  shear  modulus  of  the  core  Cc  is  assumed  to  bo  equal  to  0.4&V 
The  deflection  due  to  bending  moment  5t,  [tf.  Kq.  (())]  is 

WP 


Ub  -  48#/6' 

where  El  is  as  in  Kq.   (10).     Thus,  the  total  deflection  8  (=  dg  + 
is  given  by 

A._!!_rj+P|_ 

W       4SEIbl     ^     \l 
where 


<>« 

The  term  e(h/l)2  therefore  represents  the  ratio  of  the  deflection  due  to 
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shear  to  the  deflection  due  to  bending  moment.1  If  now  the  apparent 
flexural  stiffness  obtained  from  a  simple  bending  test  with  span  I  be 
denoted  by  (EI)i,  then 

A  =        /3  KM 

W       4S(EI)tb'  un; 

and 

r/*y 

(17) 


lT 


El 


Thus  I /(El) i  varies  linearly  with  the  square  of  the  depth/span  ratio. 

10'4X3.0 


io~*x3.o 

2.5 
2.0 
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1.0 
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2.5 
2.0 
1.5 

r 

1.0 
0.5 


"0      20     40     60     80    100    120  140X10" 

Wlf 

(a) 

(a)   Conditions  for  a: 

El  =  12,500  Ib-in.Vin. 
d.  -  0.037  in. 
h  =  0.702  in. 

E.  =  1.53  X  106lb/in.2  (computed). 
e  =  199  (computed). 


10 


15       20 
(h/l)2 


25   30X10" 


(6)   Conditions  for  6: 

El  =  7100  ]h-in.2/m. 
da  =  0.030  in. 
h   =  0.423  m. 

Es  =  3.09  X  10Mb/in.  (computed). 
e  =  202  (computed). 


Fia.  13-10. — Effect  of  shear  deformation  in  simple  bending  tests. 

Figure  13-10  illustrates  the  effect  of  the  shear  deformation  in  such 
tests.  A  beam  was  tested2  with  successively  shorter  spans,  being  cut 
down  each  time  to  maintain  an  overhang  of  1  in.  The  results  plotted 
in  Fig.  13-10a  show  that  the  reciprocal  of  the  apparent  flexural  stiff- 
ness \/(EI)i  varies  linearly  with  (h/l)2;  the  intercept  gives  a  value  of 
1.53  X  106  lb/in.2  for  Young's  modulus  of  the  skins,  which  were  each  two 
plies  of  ECC-1 1-162  Fiberglas  fabric  (not  heat-treated).  The  apparent 

1  Cf.  March  and  Smith,  "Flexural  Rigidity  of  a  Rectangular  Strip  of  Sandwich 
Construction,"   Forest   Products   Laboratory   Report   No.    1505,   Forest   Products 
Laboratory,  Madison,  Wis.,  February  1944. 

2  Cf.  "Deflection  of  Beams  with  Special  Reference  to  Shear  Deformations,"  Forest 
Products  Laboratory  Report  No.  1309  (reprinted  from  National  Advisory  Committee 
for  Aeronautics  Report  180),  Forest  Products  Laboratory,  Madison,  Wis.,  October 
1941. 
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value  of  flexural  stiffness  for  a  span/depth  ratio  of  16  is  found  from  Fig. 
13-10a  to  be  56  per  cent  of  the  true  value,  the  coefficient  e  being  found 
from  the  slope  of  the  line  to  have  a  value  of  199.  For  this  sandwich 
da  =  0.037  in.,  h  =  0.702  in.  If  the  theory  is  developed  for  a  homo- 
geneous beam,  the  coefficient  e  of  Eq.  (16)  is  found  to  have  a  value  of 
2.5.  This  would  give  a  discrepancy  between  the  true  arid  apparent- 
values  of  the  stiffness  of  only  1  per  cent  for  a  span/depth  ratio  of  16. 

Figure  13-10&  gives  the  results  of  similar  tests  on  a  sandwich  panel 
made  by  the  single-stage  wot  lay-up  technique  (see  Sec.  1 3-6).  The  faces 
consisted  of  four  plies  of  heat-treated  ECC-1 1-128  Fiberglas  fabric. 
Two  specimens  were  loaded  to  destruction  at  each  span;  in  one  of  each 
pair  of  specimens  the  face  of  the  sandwich  molded  in  contact  with  the 
mandrel  was  in  compression;  in  the  other,  this  face  was  in  tension.  The 
skin  was  stripped  off  the  beam  after  the  tost,  and  its  thickness  d,  measured. 
Because  of  the  uncertainty  in  estimating  da  and  large  variations  that  may 
occur  from  point  to  point  in  the  mechanical  properties  of  commercial 
synthetic  hard  rubber  foam,  it  is  difficult  to  obtain  a  satisfactory  result 
by  this  test  procedure.  For  this  sandwich  the  Young's  modulus  of  the 
faces  was  found  to  be  3.09  X  106  lb/in.2  (da  =  0.030  in.,  h  =  0.423  in.; 
e  =  202.) 

The  flexural  stiffnoss  is  of  interest  in  connection  with  radomos  that 
have  large  nearly  flat  areas.  A  beam  cut  from  a  flat  panel  of  the  same 
construction  should  be  tested  in  simple  bending  over  a  span  comparable 
to  the  dimensions  of  the  flat  area  of  the  radome.  If  it  is  found  that  the 
deflection  due  to  shear  is  large,  then  it  is  known  that  the  stiffness  of  the 
radome  can  be  increased  by  increasing  the  shear  modulus  of  the  core. 
If  the  deflection  due  to  shear  in  the  simple  bending  test  is  small,  the  stiff- 
ness of  the  radome  cannot  be  increased  by  increasing  the  shear  modulus 
of  the  core. 

Figure  13-11  shows  a  test  jig  for  testing  beams  of  sandwich  construc- 
tion in  simple  bending;  autographic  load-deflection  curves  are  obtained 
by  means  of  an  electronic  deflection  gauge.  For  sandwiches  with  Fiber- 
glas faces  these  curves  arc  linear  up  to  at  least  half  the  maximum  load; 
hence  S/W  can  easily  be  found. 

Flexural  Strength  in  Simple  Bending. — The  flexural  strength  of  a 
sandwich  construction  is  also  obtained  most  easily  by  means  of  the 
simple  bending  test.  If  TFmax  is  the  maximum  load  carried  at  the  center 
of  a  beam  of  span  I  and  breadth  6,  the  flexural  strength  of  the  beam  M ma> 
in  simple  bending  given  by  Mmax  =  Wmtal/±b  [cf.  Eq.  (4)],  provided  that 
the  failure  is  attributable  to  longitudinal  stresses,  and  not  to  shear.  For 
the  construction  to  be  the  most  efficient,  the  flexural  failure  of  the  sand- 
wich as  a  whole  should  result  from  such  failure  of  the  skin  in  compression 
(or  tension)  rather  than  from  premature  failure  of  the  core.  In  other 
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words,  the  core  must  not  be  more  brittle  than  the  skin.  Synthetic  hard 
rubber  foam  like  GR-N  has  been  found  to  work  well  with  laminates  of 
Fiberglas  fabric.  With  sandwiches  having  faces  of  laminated  Fibcrglas 
or  laminated  Fiber-A  fabric,  failure  of  the  sandwich  in  simple  bending 
usually  takes  place  in  the  face  under  compression,  as  has  been  stated. 


FIG.  13-11. — Test  jig  for  beams  of  sandwich  construction.     Specimen  arranged  for  test  at 

12-in.  span. 

This  occurs  if  the  span  I  exceeds  a  critical  value  that  depends  upon  the 
sandwich  construction.  For  spans  greater  than  the  critical  value,  MmM 
is  found  to  be  constant,  and  TPma*  varies  inversely  with  /.  Since  MmM 
equals  fsd8dC)  taking  the  contribution  of  the  core  to  be  negligible  as 
before,  W^m*  =  4fabdsdc/l,  fs  being  the  critical  compressive  stress  in  the 
skin  equivalent  to  /&  of  Sec.  13-7.  At  the  critical  value  of  the  span 
breakdown  takes  place  either  by  failure  of  the  skin  under  compression 
or  by  shearing  of  the  core  or  core-skin  bond.  For  smaller  values,  failure 
occurs  by  shearing  only;  the  value  of  JFmax  per  unit  width  of  the  beam  is 
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found  to  be  approximately  independent  of  the  span.  This  constant 
value  of  Wm^/b  is  a  measure  of  the  shear  strength  of  the  beam  of  sand- 
wich construction.  It  equals  2rada  +  T,.(mBX)r/f  if  Tc(max)  is  the  value  of  the 
shearing  stress  in  the  core  at  which  it  fails  and  rs  is  the  average  shear 
stress  in  the  skin.  An  expression  for  the  critical  span  can  be  obtained 
by  equating  the  expressions  for  the  two  critical  values  of  Wmn/b  at  the 
critical  length.  It  is 


So  long  as  the  skins  contribute  only  a  small  amount  to  the  shear 
strength,  the  first  term  of  the  denominator  of  Kq.  (18)  is  small  compared 
with  the  second,  and  larger  values  of  /cnl  are  found  with  stronger  and 
thicker  skins  or  a  weaker  core,  as  in  radomes  with  modified  half-wave- 
length skins  and  low-density  cores.  If  the  critical  length  for  a  given 
construction  is  found  to  be  large  compared  with  the  dimensions  of  a 
proposed  radome,  it  is  to  be  expected  that  any  failure  of  the  radome  will 
result  from  shear  failure  in  the  core  or  core-skin  bond  rather  than  from 
failure  of  the  skin  under  compression.  The  design  must,  of  course,  be 
one  that  does  not  produce  other  weakening  local  concentrations  of  stress. 

The  simple  bending  test  thus  gives  information  concerning  the  rela- 
tive roles  played  by  skins  and  core  in  determining  both  the  strength  and 
stiffness  of  sandwich  construction.  It  generally  indicates  whether 
improvement  in  the  strength  of  any  particular  radome  is  to  be  effected 
by  improvement  in  the  strength  of  the  skin  or  of  the  core.  It  also  tells 
whether  stiffness  can  be  improved  by  increase  of  the  stiffness  of  the  skin 
or  of  the  core.  Furthermore,  it  can  be  used  to  obtain  information  as  to 
the  relative  value  of  different  techniques  of  fabrication.  When  rubber- 
base  cement  or  lightly  spread  resorcinol-formaldehyde  cement  is  used, 
failure  takes  place  in  the  core-skin  bond  when  the  span  is  less  than  the 
critical  value.  With  a  sandwich  panel  made  by  the  single-stage  wet 
lay-up  technique  or  bonded  with  heavily  spread  resorcinol-formaldehyde 
cement,  the  failure  takes  place  in  the  core.  In  the  latter  case  the  bond 
appears  to  be  stronger  than  the  core;  this  heavy  glue  line  of  resorcinol- 
formaldehyde  cement  is  unacceptable,  however,  because  it  is  found  to 
absorb  a  large  amount  of  energy  (Sec.  10-7). 

Simple  bending  tests  on  beams  cut  from  panels  of  sandwich  construc- 
tion made  by  the  single-stage  wet  lay-up  technique  indicate  that  both 
skins  are  of  about  equal  strength  in  a  properly  made  panel.  If  the  core 
is  properly  sized,  the  strength  of  the  skin  is  as  good  as  in  a  sandwich  in 
which  the  skins  are  cured  separately  from  the  core.  Such  tests  have 
also  indicated  that  mandrels  of  laminated  paper  -Jin.  thick  and  of  lamin- 
ated Fiberglas  \  in.  thick  are  as  satisfactory  as  sheet  steel;  these  two  con- 
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structions  can  therefore  be  used  to  make  relatively  cheap  and  quickly 
fabricated  molds  (cf.  Sees.  13-4,  13-6).  This  type  of  test  has  indicated, 
for  a  particular  sandwich  specification,  that  the  flexural  strength  for  any 
given  combination  of  skin  resin  and  core  material  can  vary  over  a  wide 
range  for  a  fully  cured  sandwich.  It  is  not  very  surprising  then  that  the 
flexural  strength  of  sandwiches  fabricated  by  the  wet  lay-up  technique 
depends  largely  upon  the  details  of  the  technique.  The  most  satisfactory 
laminating  resin  for  this  type  of  construction  is,  therefore,  not  the  one 
from  which  the  panel  of  highest  strength  can  be  made  under  laboratory 


FIG.  13-12. — Edgewise  compression  test. 

conditions  but  one  that  gives  consistently  good  results  under  practical 
conditions. 

Edgewise  Compression  Test. — In  addition  to  the  simple  bending  test, 
there  are  two  further  tests  that  are  useful  for  the  rapid  evaluation  of 
sandwich  constructions  having  low-density  cores.1  These  are  the  edge- 
wise compression  test  (for  the  rapid  evaluation  of  the  skin  and  the  bond 
between  the  skins  and  the  core)  and  the  normal  tension  test  (for  evalua- 
tion of  the  skiri-c.ore  bond  and  the  core).  The  edgewise  compression 
test  is  carried  out  as  shown  in  Fig.  13-12.  The  load  is  applied  parallel 
to  the  faces  of  a  plane  rectangular  section  of  a  sandwich  panel,  the  height 
of  the  specimen  being  chosen  so  that  buckling  will  not  occur.  If  Wnm  is 
the  maximum  compress!  ve  load  mid  b  is  the  dimension  of  the  face  at 
right  angles  to  the  direction  of  the  load,  the  edgewise  compressive 

1  Proposed  by  Aircraft  MaU»ri:ils  Laboratory,  ATfeJC,  Wright  Field,  Dayton,  Ohio; 
see,  for  example,  AAF  Spcx-ilicatioii  K-12040. 
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strength  of  the  panel  may  be  expressed  as  W^Jb.  In  most  sandwiches 
practical  for  radomes  the  maximum  load  on  a  specimen  in  this  test  is 
reached  when  the  faces  fail  in  compression,  the  core  still  carrying  only  a 
small  part  of  the  total  load.  Hence,  if  da  is  the  average  skin  thickness, 
the  compressive  strength /s  of  the  skins  is  given  by  the  expression 


2M." 


(10) 


It  should  be  noted  that  when  the  skin-core  bond  is  poor,  the  sandwich 
fails  through  separation  of  the  skins  from  the  core  and  not  through  com- 
pression failure  of  the  skins.  Fail-  103X30 
ure  is  likely  to  occur  when  brittle 
cements  such  as  resorcinol-form- 
aldehyde  are  used.  With  inferior  -g 
bonds  produced  by  rubber-base  « 
cements,  such  skin  separation  is  J 
likely  to  occur,  causing  extremely  «T 
variable  and  unreliable  values  of  "I* 


If  the  bond  between  the  skin  and 
the  core  is  satisfactory,  the  edge- 
wise compression  test  may  be  used 
for  the  rapid  evaluation  of  tech- 
niques of  fabrication;  for  example, 
/,  as  determined  by  this  test  on 
sandwiches  with  faces  of  heat- 
treated  Fiberglas  fabric  is  usually 
found  to  be  greater  than  for  similar 
sandwiches  made  with  fabric  that 
has  not  been  heat-treated.  This 


10  20X103 

Compressive  strength  in  Ib/in2  (from 

edgewise  compressive  test) 

Fto.  13-13.—  OomprCHsivc  strength  of  .sand- 
wich faces  made  of  laminated  Fiberglas. 


test  can  be  used  to  evaluate  laminating  resins  and  the  efficiency  of  any 
sizing  method  in  the  wet  lay-up  technique.  The  edgewise  compressive 
strength  of  properly  cured  heat-treated  Fiberglas  laminate  faces  of  a  sand- 
wich made  in  this  way  ranges  from  about  10,000  to  about  20,000  Ib/in.2 
for  ECC-1 1-128  Fiberglas  fabric. 

For  any  given  sandwich  specification,  the  edgewise  compressive 
strength  of  a  sandwich  panel  having  Fiberglas  faces  and  a  low-density 
core  would  be  expected  to  be  a  measure  of  the  flexural  strength  obtained 
in  a  simple  bending  test.  Figure  13-13  shows  the  relationship  obtained 
between  fa  obtained  from  the  edgewise  compressive  strength  and  /. 
obtained  from  the  corresponding  flexural  strength  in  tests  on  a  series  of 
sandwich  panels  made  by  the  single-stage  wet  lay-up  technique.  For 
these  panels,  the  skins  were  approximately  0.030  in.  thick  (four  plies  of 
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ECC-1 1-128  heat-treated  Fiberglas  fabric),  and  the  over-all  panel  thick- 
ness was  approximately  0.445  in.  The  core  material  was  GR-N  synthetic 
hard  rubber  foam  of  approximately  12  lb/fta  density.  There  is  only  a 
fair  correlation,  the  value  of  /«  computed  from  the  bending  test  being 
about  one  and  a  half  times  as  great  as  the  value  computed  from  the  edge- 
wise compression  test.  Since  the  correlation  is  not  good,  the  edgewise 

compression  test  gives  only  a  rough 
indication  of  the  flexural  strength 
of  a  panel. 

Normal  Tension  Test. — An 
arrangement  for  carrying  out  a 
normal  tension  test  is  shown  in 
Fig.  13-14.  If  the  strength  of  the 
bond  is  adequate  and  the  core 
material  is  not  defective,  tension 
failure  takes  place  in  the  core  at 
a  stress  corresponding  to  the'tensile 
strength  of  the  core  material. 
This  test  is  a  more  critical  test  of 
the  bond  than  the  previous  one. 

1 Representative  Sandwiches. — It 
is  very  difficult  to  make  radomes  of 
adequate  strength  if  perpendicu- 
larly polarized  3-cm  radiation  is  to 
be  incident  through  a  wide  range 
of  angles  of  incidence.  In  order 

FIG.  13-14.— Normal  tension  test.  to    obtain    the    begt    transmission 

characteristics,  it  is  necessary  to  use  a  first-order  spacing  and  to  make  the 
skins  as  thin  as  possible.  A  construction  that  gives  good  transmission 
characteristics  at  perpendicular  polarization  for  a  wavelength  of  3.2  cm 
over  a  range  of  angles  of  incidence  from  0°  to  70°  has  skins  of  four  plies  of 
heat-treated  ECC-1 1-128  Fiberglas  fabric  and  a  core  of  GR-N  synthetic 
hard  rubber  foam  having  a  density  of  about  10  to  12  lb/ft3,  the  dielectric 
constant  of  the  core  being  about  1.4eo.  When  the  sandwich  is  made  by 
the  wet  lay-up  technique,  the  actual  skin  thickness  da  is  about  0.030  in. 

If  a  resin  of  low  dielectric  constant  (3.7  e0)  is  used  in  the  skin  the  over- 
all thickness  h  should  be  about  0.445  in.  For  resins  with  higher  dielectric 
constant  (4.0  eo  to  4.2  eo)  the  thickness  h  should  be  about  0.420  in.  (cf. 
Sec.  11-12).  For  a  properly  cured  sandwich  built  by  the  wet  lay-up 
method  to  these  specifications,  the  flexural  strength  Mmax  ranges  from  200 
to  350  lb-in./in.,  averaging  about  250  Ib-in./in.  The  flexural  stiffness 
El  ranges  from  6000  to  8500  Ib-in. 2/in.  The  computed  values  of  Young's 
modulus  for  the  skin  range  from  about  2.5  X  106  to  about  3.2  X  10fl 
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lb/in.2  The  correction  coefficient  for  shear  e  [Kq.  (14)]  is  about  150. 
The  above  data  refer  to  a  direction  parallel  either  to  the  warp  or  to  the 
filling  of  the  Fiberglas  fabric.  The  flexural  strength  and  stiffness  of  such 
a  sandwich  at  an  angle  of  45°  to  the  direction  of  the  warp  and  filling  are 
approximately  two-thirds  of  the  values  measured  for  the  warp  and  the 
filling  directions. 

It  has  been  pointed  out  that  the  compressive  strength  of  a  laminated 
Fiberglas  face  of  a  sandwich  is  less  than  its  tensile  strength.  If  the  bend- 
ing moments  in  a  radome  are  such  that  one  particular  skin  is  always  in 
compression,  a  radome  of  greater  strength  can  be  designed  if  the  face 
under  compression  is  made  thicker  than  tho  one  under  tension.  If  the 
sandwich  previously  discussed  were  modified  to  have  five  layers  of  fabric 
in  one  face  and  three  layers  in  the  other,  with  a,  slight  increase  of  the  total 
thickness,  it  would  then  have  a  flexural  strength  much  greater  than  that 
of  the  symmetrical  sandwich.  As  we  have  seen  (Sec.  11-12),  this  asym- 
metrical sandwich  would  have  electrical  transmission  characteristics  simi- 
lar to  those  of  the  corresponding  symmetrical  sandwich. 

In  Sec.  13-6  it  was  mentioned  that  with  the  wet  lay-up  fabrication 
technique,  gridded  hexagonal  Fiberglas  material  (Plaskon  "honeycomb") 
may  be  used  for  the  core  instead  of  synthetic  hard  rubber  foam.  Panels 
fabricated  with  honeycomb  core  material  and  having  specifications  other- 
wise similar  to  those  given  for  the  sandwich  with  a  core  of  hard  rubber 
foam  possess  very  similar  electrical  and  mechanical  properties  (cf.  See. 
11-12).  Sandwich  radomes  made  with  honeycomb  cores  may  prove  to 
absorb  less  water  vapor  than  do  similar  radomes  made  with  the  more 
hygroscopic  GR-N  foams. 

Preliminary  data  on  sandwich  panels  incorporating  Fiber-A  fabric 
and  GR-N  foam  indicated  that  these  panels  are  mechanically  comparable 
to  Fiberglas  panels  with  the  same  electrical  properties.  For  example, 
panels  having  skins  of  Fiber-A  0.039  in.  thick  and  an  over-all  thickness  of 
about  0.50  in.  were  found  to  give  values  of  the  electrical  transmission  as 
a  function  of  angle  of  incidence  similar  to  those  of  the  symmetrical  Fiber- 
glas sandwich  panels  discussed  above  (Sec.  11-12).  The  values  for 
flexural  strength  and  stiffness  of  such  panels  are  about  one-half  of  those 
for  Fiberglas  sandwich  panels. 

A  comparison  can  now  be  made  of  the  flexural  strengths  and  stiffnesses 
and  weights  between  a  Fiberglas  sandwich  and  a  modified  half -wavelength 
panel  of  acrylic  plastic  of  equivalent  electrical  properties.  If  for  the 
acrylic  plastic  a  thickness  of  0.36X0  is  chosen  (see  Fig.  11-5),  the  flexural 
strength  and  stiffness  for  a  wavelength  of  3.2  cm  are  equal  to  480  Ib-in./in. 
and  3020  lb-in.2/in.,  respectively.1  Thus,  the  strength  of  the  acrylic 
plastic  construction  is  somewhat  greater  than  that  of  the  good  Fiberglas 

1  Taking/,,  =  13,900  lb/in.2  and  E  =  0.39  X  10«  lb/in.2  (Table  13-1). 
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sandwich  discussed  previously.  The  stiffness  is  only  about  one-half 
that  of  the  sandwich,  while  the  electrical  transmission  characteristics 
are  slightly  better,  provided  that  the  tolerances  are  closely  kept.  The 
weight  of  the  modified  half-wavelength  acrylic  radome  is,  however, 
2.8  lb/ft2,  compared  with  1.1  lb/ft2  for  the  sandwich  radome.  It  should 
be  noted  that  if  the  strength  requirements  will  allow  the  thickness  of  the 
skins  of  the  sandwich  to  be  reduced  below  0.030  in.,  the  weight  of  the 
sandwich  will  be  reduced  and  the  electrical  properties  improved. 

It  has  been  pointed  out  that  for  the  1-cm  band  it  is  difficult  to  design 
a  radome  having  adequate  strength  and  stiffness  if  the  radiation  is 
incident  over  a  wide  range  of  angles  at  perpendicular  polarization.  One 
method  of  obtaining  moderate  strength  and  stiffness  is  to  use  a  sandwich 
having  a  core  of  material  such  as  Polyflcx  or  polyfiber  plastic  and  thin 
faces  of  Fiberglas  fabric.  In  Table  13-9  some  mechanical  properties  of 
such  a  panel  are  given;  the  core  is  of  molded  polystyrene  fiber  of  specific 
gravity  of  about  1.0,  and  the  faces  are  each  a  single  ply  of  ECC-1 1-128 
Fiberglas  fabric.  For  this  type  of  sandwich,  failure  in  the  simple  bending 

TABLE  13-9. — FLEXURAL,  PROPERTIES  OK  A  SANDWICH  PANEL  WITH  POLYKIBRK  (-ORE 
Core:  Dow  Q-107  Polyfibre,  specific  gravity  0.9-LO,  0.160  in.  thick. 
Faces:  Each  face  consists  of  a  single  layer  of  heat-treated  EOC-1 1-128  Fiberglas 

fabric  cemented  with  polystyrene  lacquer. 

Over-all  panel  thickness,  0.175  in. 


Af,,,ux,  11 

>-in./in. 

El,  Ib- 

in.2  /in. 

Orientation  of  flexure  tost  specimen 
relative  to  fiber  direction 

With 

Faces 

With 

Faces 

faces 

removed 

faces 

removed 

Parallel  to  fiber  direction 

81   9 

34  4 

306 

115 

Perpendicular  to  fiber  direction  
Average                                         .               .  . 

65.8 
73  9 

24.3 
29  4 

282 
294 

117 
116 

test  occurs  in  the  fabric  face  that  is  in  tension.  It  is  seen  that  the  faces 
make  an  appreciable  contribution  to  the  flexural  strength  of  the  panel 
and  that  the  effect  of  orientation  of  the  fibers  in  the  core  is  relatively 
slight. 

If  the  radiation  falling  at  a  high  angle  of  incidence  on  a  radome  is 
polarized  parallel  to  the  plane  of  polarization,  a  modified  second-order 
spacing  (Sec.  11-8)  and  a  low-density  core  may  be  used.  A  typical 
sandwich  specification  for  the  1-cm  band  has  skins  consisting  of  three 
plies  of  heat-treated  ECC-11-112  Fiberglas  fabric,  0.009  in.  thick,  and  a 
core  of  GR-N  foam  of  20  lb/ft3  density.  From  tests  on  such  a  sandwich 
panel  0.355  in  thick,  a  flexural  strength  Mmax  of  120  Ib-in./in.  -and  a 
flexural  stiffness  El  equal  to  1900  lb-in.2/in.  were  obtained. 
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13-11.  Mechanical  Properties  of  Core  Material.— In  general,  the  low- 
density  core  in  a  sandwich  arrangement  suitable  for  radome  construction 
usually  contributes  little  to  the  flexural  strength  and  stiffness  of  the 
radome.  Failure  of  the  radome,  however,  may  take  place  through  shear 
or  tension  failure  in  the  core,  and  an  appreciable  part  of  the  deflection  of 
the  radome  may  be  due  to  shear  strain  in  the  core.  For  these  reasons 
the  mechanical  properties  of  core  materials  deserve  attention.  Figure 
13-15  gives  the  properties  of  a  typical  fine-cell  GR-N  hard  synthetic 
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FIG.  13-15. — Mechanical  properties  of  Gll-N  foam  material  for  corea.      (All  ordi nates  in 

lb/ill.2) 

rubber  foam1  as  a  function  of  density.  The  shear  strength,  modulus  of 
rupture,  and  Young's  modulus  of  this  particular  material  vary  roughly 
linearly  with  density,  and  the  tensile  strength  has  a  constant  value  at 
densities  greater  than  about  10  lb/ft3.  The  mechanical  properties  of 
such  materials  depend  largely  upon  the  techniques  of  formulation,  fabrica- 
tion, and  cure.  Equivalent  coarse-pored  boards2  have  similar  mechanical 
properties.  Preliminary  tests  on  polystyrene  foam  having  a  density  of 
6  lb/ft3  showed  that  this  material  is  mechanically  equivalent  to  GR-N 

1  Sponge  Rubber  Products  Company;  5003R  formulation. 

2  Sponge  Rubber  Products  Company,  5003B  formulation. 
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foam  of  the  same  density.  Tests  on  poly  ester-sty  renc  resin  foam  of 
about  20  lb/ft3  density  and  on  an  early  phenolic  foam  of  10  lb/ft3  density 
showed  that  these  materials  were  equivalent  in  strength  and  stiffness  to 
GR-N  foam  of  about  7  lb/ft3  density. 

ELECTRICAL  PROPERTIES  OF  RADOME  MATERIALS 

13-12.  General  Remarks. — In  order  to  make  best  use  of  the  materials 
available  for  radome  construction,  it  is  necessary  to  know  the  electrical 
properties  of  these  materials.  For  homogeneous  materials  (acrylic 
plastic)  or  ones  in  which  the  inhomogeneities  are  smaller  than  the  wave- 
length (plastic  foams),  the  electrical  properties  can  be  represented  by  a 
complex  dielectric  constant  (Sees.  10-3  and  12-2).  The  complex  dielectric 
constant  e  equals  e'(l  —  j  tan  5),  e'  being  its  real  part  and  tan  6  being  the 
loss  tangent.  For  radome  materials,  tan  5  is  very  nearly  equal  to  the 
power  factor. 

The  electrical  properties  of  a  dielectric;  at  microwave  frequencies  are 
generally  obtained  by  observing  the  interaction  between  the  dielectric 
and  an  electromagnetic  field  in  free  space,  in  a  coaxial  line  or  a  rectangular 
waveguide,  or  in  a  resonant  cavity.  The  electrical  properties  of  high 
polymers  at  microwave  frequencies  depend,  of  course,  on  the  atomic  and 
molecular  structure.1 

In  the  subsequent  discussion,  consideration  will  be  limited  to  the 
dielectric  constants  and  loss  tangents  of  materials  of  special  interest  for 
nidomes.  These  are,  in  general,  low-loss  materials  having  dielectric 
constants  that  change  only  slowly  in  the  wavelength  region  from  10  to 
1  cm.  Typical  radome  materials  of  fixed  composition  and  physical 
structure  are  polystyrene,  polymethyl  methacrylate,  and  poly  2,5 
dichlorostyrene.  Their  dielectric  constants  are  nearly  independent  of 
frequency  in  the  microwave  region  and  are  independent  of  the  particular 
manufacturing  methods.  The  loss  tangents  of  extremely  low-loss 
materials  do  depend  upon  the  manufacturing  process,  but  this  is  of  no 
consequence  in  radome  work.  The  dielectric,  constants  of  copolymer 
resins  are  variable,  but  this  is  to  be  expected,  since  they  probably  do  not 
have  compositions  that  are  definite,  either  chemically  or  physically. 
One  component  is  usually  volatile,  and  the  manner  of  the  cross-linking 
is  likely  to  depend  upon  cure  and  other  conditions. 

Most  of  the  dielectrics  used  for  radomes  are  actually  mixtures.  For 
example,  polyfiber  plastics  consist  of  mixtures  of  polystyrene  and  air; 

1  See  A.  Von  Hippel  and  R.  G.  Breckenridgo,  "Tho  Interaction  between  Electro- 
magnetic Fields  and  Dielectric  Materials,"  NDRC  14-122,  Laboratory  for  Insulation 
Research,  M.I.T.,  January  1943;  A  von  Hippel,  L.  G.  Wesson,  and  S.  L.  Whitcher, 
"The  Polystyrene  Plastics  as  High-frequency  Dielectrics,"  NDRC  14-276,  Laboratory 
for  Insulation  Research,  M.I.T.,  May  1944;  Laboratory  for  Insulation  Research, 
M.I.T.,  "Tables  of  Dielectric  Materials,  Vol.  II,"  NDRC  14-425,  June  1945. 
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low-density  GR-N  foam  for  sandwich  radomes  is  a  mixture  of  GR-N 
synthetic  hard  rubber  and  air;  cyclized  rubber  is  used  in  the  expanded 
state.  Mixtures  of  titanium  dioxide  and  polystyrene  form  materials  of 
high  dielectric  constant  that  may  have  some  use  in  radome  construction. 
The  dielectric  constants  of  such  mixtures  are  discussed  in  Sec.  13-13. 
Fiberglas  laminates  can  be  regarded  as  mixtures  of  Owens-Corning  "E" 
glass,  a  laminating  resin,  and  air. 

In  Table  13-10  are  presented  average  values  (obtained  from  various 
sources)  of  the  dielectric  constant  and  loss  tangent  of  single-phase  dielec- 
trics at  microwave  frequencies.1 

TABLE  13-10. — DIKT/KCTRIC  CONSTANTS  AND  Loss  TANCKNTS  OF  RADOMK  MATERIALS 


Material 

Spcei  fie  dielectric 

constant,  — 

eo 

tan  8  (approx.) 

Polystyrene          

2  56 

Polymethyl  methacrylate 

2  66 

0  01 

Poly  2   5  dichlorostyrene 

2  57 

0  0003 

Bakelitc  BRS  16631,  cast   . 

2  69 

0  019 

Selectron  5003,  cast  

2  87 

0  010 

Plaskon  911,  cast  

3  06 

0  020 

Owens-Corning  "E"  glass 

6  24 

0  007 

Penacolite  G1131                  .... 

3  86 

0  10-0  15 

13-13.  Dielectric  Constants  of  Polyfiber  and  Foam  Plastics. — The 
ideal  foam  is  an  intimate  mixture  of  air  and  a  plastic  of  definite  chemical 
and  electrical  properties.  It  is  to  be  expected  that  variations  would  occur 
in  the  dielectric  constant  of  foamed  materials  such  as  hard  GR-N  foam, 
even  for  a  given  density,  because  of  possible  variations  in  mixing  the 
batches  of  stock  and  in  curing  tho  boards.  Also,  polyfiber  plastic  may 
contain  an  appreciable  (and  variable)  amount  of  solvent,  which  has  some 
effect  on  the  dielectric  constant. 

If  the  dielectric  constant  of  the  unexpanded  plastic  is  known,  the 
dielectric  constant  of  the  expanded  dielectric  can  be  computed  by  assum- 
ing, for  example,  that  the  air  spaces  are  in  the  form  of  regularly  dis- 
tributed cubes.  Two  empirical  formulas,  Eqs.  (21)  and  (22),  adequately 
represent  the  variation  of  dielectric  constant  with  density.2  If  a  dielec- 

1  For  data  on  the  electrical  properties  of  radome  materials  at  microwave  fre- 
quencies, see  E.  M.  Everhart  and  T.  J.  Suen,  "Dielectric  Constants  and  Loss  Tangents 
of  Radome  Materials,"  IlL  Report  No.  483-25,  Jan.  11,  1946;  also  K.  M.  Everhart, 
RL  Report  No.  483-5,  July  14,  1944;  Laboratory  for  Insulation  Research,  M.I.T., 
"Tables  of  Dielectric  Materials,"  NDRC  14-237,  February  1944;  also  "Tables  of 
Dielectric  Materials,  Vol.  II,"  NDRC'  14-425,  June  1945. 

*  RL  Reports  Nos.  483-17  and  483-25. 
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trie  consists  of  an  intimate  mixture  of  two  components,  the  volume 
fractions  of  each  component  being  a  and  6,  respectively,  and  the  real  part 
of  the  dielectric  constant  of  each  component  being  e'a  and  ej,  respectively, 
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Fia.  13-16. — Dielectric  constants  of  molded  polystyrene  fiber  plastics. 

the  dielectric  constant  e7  of  the  mixture  can  be  represented  by  the  empiri- 
cal expression1 


€0 


€0 


(20) 


If  the  second  component  is  air,  a  is  equal  to  the  ratio  of  the  specific 
gravity  p  of  the  expanded  plastic  to  the  specific  gravity  p0  of  the  unex- 
panded  plastic,  and  Eq.  (20)  becomes 


(21) 


1  An  equation  of  this  form  given  by  Lichtenecker  and  Rother,  Physik.  Z.,  32,  255 
(1931),  is  discussed  by  L.  J.  Berberich  and  M.  E.  Bell,  /.  Applied  Phys.,  11,  681  (1940). 
The  latter  authors  give  data  on  mixtures  of  polystyrene  and  titanium  dioxide  of 
Biichner  (Wiss.  Verdff.  a.  d.  Siemens  Werken,  18,  204  (1939).  These  data  are  similar 
to  ones  reported  below  on  such  mixtures  (see  Fig.  13-18).  The  work  discussed  here 
was  done  without  knowledge  of  the  existence  of  these  earlier  papers. 
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Thus,  the  logarithm  of  the  dielectric  constant  is  proportional  to  the 
density. 

Measurements  on  molded  polystyrene  fiber  plastic,  expanded  Marbon 
S  plastic,  and  a  GR-N  formulation  of  sandwich  core  material1  are  in 
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oGR-N  Foam  (Sponge  Rubber 
Products  Co.,  5003  R) 
A  Marbon  S  foam 
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)                     0.1                   0.2                   0.3                   0.4                    0.5                   0.6 

Specific  gravity 

FIG.  13-17. — Dielectric  constants  of  GR-N  and  Marbon  S  foams. 

agreement  with  Kq.  (21).  In  Fig.  13-16  the  dielectric  constants  of  three 
types  of  molded  polystyrene  fiber  plastic  of  various  densities  are  plotted 
to  a  logarithmic  scale  against  specific  gravity.  The  observations  fall 

TABLE  13-11. — DIELECTRIC  CONSTANTS  OF  REDUCED-DENSITY 
AND  LOW-DENSITY  MATERIALS 


Material 

Specific  gravity  range 
of  investigation 

1  .         /V\ 
-logio  (      ) 
P             Vo/ 

Molded  polystyrene  fiber  (Polyfibre)   

0.51-0.97 

0.40 

Expanded  Marbon  S       .       .    .            

O.L2-0.53 

0.47 

GR-N  hard  foam   (Sponge  Rubber  Products 
Co    5003R  formulation) 

0.14-0.30 

0.71 

near  a  straight  line  on  this  plot.     Figure  13-17  shows  similar  results  for 
the  variation  of  dielectric  constant  with  density  for  expanded  hard 

1  Measurements  made  by  the  Laboratory  for  Insulation  Research,  M.I.T.  For 
the  same  samples  of  GR-N  core  material  the  loss  tangent  was  found  to  be  nearly  equal 
to  the  specific  gravity  multiplied  by  0.03;  see  also  Everhart  and  Suen,  op.  cit. 
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GR-N  synthetic  rubber  foam  and  of  expanded  Marbon  S.  In  Table 
13-11  the  values  are  given  of  the  ratio  of  the  logarithm  of  the  specific 
dielectric  constant  (e'/eo)  to  specific  gravity  p  obtained  from  Figs.  13-16 
and  13-17,  as  well  as  the  ranges  of  specific  gravity  covered  in  the  investiga- 
tion. A  second  empirical  expression1  that  seems  to  be  in  excellent  agree- 
ment with  available  data  is 


Jp 

Po 


(22) 


€0 


Thus,    \/(«'Ao)  —  1  is  assumed  to  be  proportional  to  density.     It  is 
seen  that  Eqs.   (21)  and  (22)  require  the  knowledge  of  the  dielectric 

constant  and  density  of  only  one 
sample  for  computation  of  the 
constant  of  proportionality. 

The  effect  of  various  ingredi- 
ents in  the  rubber  mix  on  the 
dielectric  constant  of  GR-N  foam 
materials  has  been  investigated. 
A  series  of  core  materials  contain- 
ing respectively  0,  1 5,  and  30  parts 
carbon  black  per  100  parts  of 
elastomer  were  studied.  These 
samples  all  had  slightly  different 
densities;  the  dielectric  constant 
was  accordingly  adjusted  to  an 
arbitrarily  chosen  standard  density 
of  7.3  Ib/f t3  by  means  of  Eq.  (21) ; 
thus,  the  effect  of  variation  of  car- 
bon black  on  the  particular  f  ormu- 
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Fia.  13-18. — Dielectric  constants  of  mixtures 
of  polystyrene  and  titanium  dioxide. 


lation  was  determined.  The 
results  are  given  in  Table  13-12.  It  is  seen  that  increase  in  carbon  black 
content  results  in  a  marked  increase  in  dielectric  constant.  It  is  believed 
that  an  increase  in  the  amount  of  carbon  black  in  a  formula  results  also 
in  an  increase  in  the  strength  and  stiffness  of  a  foam  of  any  given  density. 
It  would  seem  that  a  material  of  higher  carbon  black  content  and  lower 
density  would  be  preferable  for  given  strength  and  dielectric  constant 
because  of  the  resulting  slight  saving  in  weight. 

Materials  of  high  dielectric  constant  can  be  made  by  mixing  titanium 
dioxide  with  polystyrene.  Equation  (20)  can  be  used  to  represent  the 
dielectric  constants  of  such  mixtures.  In  Fig.  13-18  the  dielectric  con- 

i  J.  B.  Birka,  "Expanded  Dielectrics,"  TRTC  Report  No.  T-1812,  February  1945. 
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stants  of  various  mixtures  of  polystyrene  and  titanium  dioxide1  are 
plotted  to  a  logarithmic  scale.  As  can  be  seen,  there  is  a  linear  relation- 
ship between  the  logarithm  of  the  specific  dielectric  constant  and  the 
volume  percentage  of  either  constituent. 

TABLE  13-12. — EFFECT  OF  VARIATION  OF  AMOUNT  OF  CARBON  BLACK  ON  THE 
DIELECTRIC  CONSTANT  OF  GR-N  SYNTHETIC;  HARD  RUBBER  FOAM 
(REDUCED  TO  7.3  Ls/Frra  DUNSITY) 
Parts  carbon  black  «•' 

per  100  parts  elastomer  eo 

0  1.168 

15  1   275 

30  1   311 

13-14.  Electrical  Properties  of  Laminates.  Dielectric  Constants  of 
Fiberglas  Laminates. — The  dielectric  constant  of  a  laminate  made  of 
woven  Fiberglas  fabric  and  a,  given  low-pressure  resin  can  vary  between 
wide  limits.  Wide  variations  in  density  and  rosin  content  also  occur; 
the  variation  in  dielectric  constant  is  therefore  attributable,  in  part,  to 
the  variation  of  the  volume  percentages  of  glass,  resin,  and  air  in  the 
laminate.  For  example,  with  one  particular  resin  (Bakelite  BUS  1()631), 
the  specific  dielectric  constants  of  a  miscellaneous  group  of  laminates 
obtained  from  various  sources  varied  from  3.45  to  4.36,  the  specific 
gravities  varied  from  1.43  to  1.75,  and  the  resin  contents  ranged  from 
24.2  to  47  per  cent  by  weight.  In  Fig.  13-11),  the  specific  dielectric 
constants  of  these  laminates  are  plotted  against  specific  gravity.  There 
is  seen  to  be  a  fairly  good  correlation  between  these  properties.  In  Fig. 
13-19  are  also  indicated  the  rosin  contents  (in  percentage  by  weight)  for 
the  various  laminates.  There  docs  not  appear  to  be  much  correlation 
between  resin  content  and  dielectric  constant.  From  Fig.  13-19,  it 
appears  that  the  specific  dielectric  constant  of  a  Fiberglas  laminate  with 
this  resin  can  be  hold  within  the  limits  3.7  ±  0.1  provided  that  the 
specific  gravity  lies  within  the  limits  1.50  ±  0.05. 

Dielectric  Constants  of  Fiber- A  Laminates. — The  amount  of  air  incor- 
porated in  a  Fiberglas  laminate  appears  to  be  variable,  possibly  because 
the  glass  fibers  are  not  wetted  by  the  resin.  Furthermore,  since  the 
dielectric  constant  of  the  glass  is  very  different  from  that  of  the  resin, 
variation  in  the  ratio  of  glass  to  resin,  even  in  the  absence  of  voids,  must 
result  in  an  appreciable  variation  in  dielectric  constant.  Fiber- A,  on 
the  other  hand,  is  evidently  wetted  by  low-pressure  laminating  resins. 
Laminates  of  Fiber-A  fabric  have  dielectric  constants  that  are  not  much 
greater  than  those  of  the  resins  involved.  Variation  in  resin  content 
should  therefore  not  result  in  any  marked  modification  of  the  dielectric 
constant  of  the  laminate. 

1  Everhart  and  Suen,  op.  cit. 
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Measurements  in  the  3-  and  the  1-cm  band  have  been  made  on  the 
dielectric  constants  of  Fiber- A  laminates.  These  incorporated  knitted, 
fine-woven  and  coarse-woven  fabrics.  The  resins  included  "Selectron" 
5003,  Bakelite  BRS  16631,  and  poly  2,5  dichlorostyrene.  The  specific 
dielectric  constant  of  all  fell  within  the  range  2.90  to  3.10. 

Jjoss  Tangents  of  Laminates. — The  loss  tangent  of  a  laminate  is  impor- 
tant if  it  is  to  be  used  in  a  radome  of  approximately  half- wavelength  or 
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FIG.  13-19. — Dielectric  constants  of  FiberRlas  laminates  made  with  Bakelite  BRS  16631 
resin.     The  number  by  each  point  is  the  per  cent  resin  content  by  weight. 

greater  thickness.  The  absorption  is  given  approximately  by  TT  tan  5  for 
half-wavelength  thickness  at  normal  incidence  [Eq.  (10-18)]  but  may  rise 
to  several  times  this  value  in  a  streamlined  radome  where  the  radiation  is 
incident  at  a  large  angle  of  incidence  and  is  polarized  perpendicular  to 
the  plane  of  incidence  (Sees.  11-5  and  11-11). 

The  following  table  represents  the  loss  tangents  to  be  expected  with 
Fiber glas  and  Fiber- A  laminates. 

TABLE  13-13. — Loss  TANGENTS  OP  LAMINATES 


Fabric 

Resin 

tan  5  (approx.) 

Fiberglaa  

Polyester-styrene 

0.015 

Fibcr-A       
Fiber-  A  

Polycster-styrene 
Dichlorostyrene 

0.010 
0  007 
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13-16.  Evaluation  of  Materials,  Normal  Incidence. — It  will  be  recalled 
that  there  are  three  basic  methods  for  the  design  of  a  normal-incidence 
radome  with  a  homogeneous  wall  construction.  One  of  these  methods 
uses  an  expanded  dielectric  with  a  sufficiently  low  dielectric  constant  and 
loss  tangent  so  that  a  thick  wall  can  be  used  to  satisfy  mechanical 
requirements.  Materials  having  a  higher  dielectric  constant  can  bo 
used  only  in  walls  that  are  thin  compared  with  the  wavelength  or  in  walls 
that  are  of  the  order  of  half -wavelength  thickness  if  the  reflection  is  to 
be  limited  to  a  very  small  part  of  the  incident  power.  In  general, 
materials  with  higher  dielectric  constants  are  stronger  and  stiiTer  mechan- 
ically; the  increase  in  the  dielectric  constant,  however,  is  associated  with  a 
decrease  in  the  allowable  thickness  for  both  walls  that  are  thin  and  those 
which  are  half -wavelength.  It  is  now  possible  to  evaluate  materials  for 
the  thin  and  half- wavelength  normal -incidence  radomcs  on  the  basis  of 
their  electrical  and  mechanical  properties.  If  the  reflection  from  the 
thin-walled  radome  is  small,  the  expression  for  the  amplitude-reflection 
coefficient  at  normal  incidence  reduces  to 


\K\  ~  y--^-   -  (23) 

Ao 

[See  Eq.  (10-10).]  The  amplitude-reflection  coefficient  for  a  thin  low- 
reflection  panel  of  a  given  material  is  proportional  to  the  thickness,1 
and  the  permissible  thickness  is  inversely  proportional  to  (e'/e0)  —  1 
for  panels  of  given  reflection  coefficient.  The  flexural  strength  of  a 
panel  is  proportional  to  fid2  [Eq.  (3)],  while  its  flexural  stiffness  is  propor- 
tional to  Ed3  [Eq.  (1)].  It  is  thus  possible  to  obtain  ratings  that  measure 
the  strength  and  stiffness  of  a  thin  panel  having  the  thickness  required 
for  it  to  have  a  given  reflection  coefficient  at  normal  incidence.  They  are 

Strength  rating  =        -— b- 


Stiffness  rating  — 


These  are  only  approximate  in  the  region  where  Eq.  (23)  is  not  valid. 
In  radomes  of  half-wavelength  thickness  [Eq.  (10-4)]  the  thickness  of  the 
wall  at  a  given  free-space  wavelength  is  inversely  proportional  to  VV/«o. 
Accordingly,  the  following  ratings  are  obtained  for  a  half-wavelength 
thickness. 

1  This  is  true  in  general  in  the  region  in  Fig.  10-8  where  the  curves  are  linear. 
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Strength  rating 


A, 

05' 


Stiffness  rating  = 


E 

w 


These  ratings  may  now  be  used  to  evaluate  molded  Dow  Q-107  Poly- 
fibre  plastic  as  a  function  of  density.  The  values  of  E  and  /&  from  Fig. 
13-7  have  been  used;  the  dielectric  constants  are  obtained  from  Table 
13-11.  At  a  in  Fig.  13-20  are  plotted  stiffness  ratings  for  two  types  of 
Polyfibre  for  thin- walled  radomes,  while  at  6  are  plotted  strength  ratings. 
The  corresponding  ratings  for  half -wavelength  radomes  are  plotted  at 
c  and  d. 

Making  use  of  the  information  previously  given  on  the  mechanical 
and  electrical  properties  of  various  other  radome  materials,  it  is  also 
possible  to  derive  the  strength  and  stiffness  ratings  for  each  material  in 
the  two  types  of  normal-incidence  radome  under  discussion.  These 
ratings  are  given  in  Table  13-14. 

By  examining  Table  13-14  and  Fig.  13-20  it  can  be  seen  that  the 
strength  ratings  for  the  thin-wall  radomes  range  from  3.0  X  103  to 
7.1  X  10s  while  the  stiffness  ratings  range  from  0.07  X  106  to  0.265  X  106. 

TABLE  13-14. — STRENGTH  AND  STIFFNESS  RATINGS  FOR  HOMOGENEOUS-WALL 
NORMAL-INCIDENCE  RADOMES 


Thin-wall  radome 

Half-wavelength  radome 

Material 

Refer  to 

Strength 

Stiffness 

Strength 

Stiffness 

rating 

rating 

rating 

rating 

Polymethyl  metha- 
ciylate. 

j  Table  13-1    1 
1  Table  13-10/ 

5.8  X  103 

0.08  X  10" 

6.0  X  103 

0.09  X  I0fl 

Polyflex  

JTable  13-1   1 
\Tablo  13-10/ 

5.5 

0.10 

5.2 

0.09 

Dow  Q-274  Poly- 
fibre. 

1  Table  13-2  ) 
\Table  13-11J 

6.1 

0.20 

2.0 

0.04 

Bakelite   poly- 
styrene fiber. 

JTable  13-2  1 
t  Table  13-11  / 

3.0 

0.18 

0.7 

0.02 

Fiberglas  laminate* 

3.4 

0.09 

6.8 

0  24 

Fiber-A  laminate  .  . 

f  Table  13-81 
(Sec.  13-14  / 

3.8 

0.07 

5.0 

0.11 

Fiberglas  leno         \ 
Viscose   rayoii> 

Table  13-7 

J5.8 
17.1 

0.23 
0.23 

marquisette        J 

11  Assuming  average  values  fb  =  25,000  lb/in.2,  E  =  1.7  X  106  lb/in.2,  -  =  3.7. 
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FIQ.  13-20. — Strength  and  stiffness  ratings  tor  molded  Dow  Q-107  polystyrene  fiber. 
Circled  points  refer  to  standard  Q-107  Polyfibre;  squared  points  refer  to  low-sol  vent  Q-107 
Polyfibre. 
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The  reduced-density  polystyrene  plastics  and  reduced-density  laminates 
are  superior  in  stiffness  to  full-density  thermoplastics  and  laminates.  If 
the  mechanical  requirements  are  modest,  as  for  a  moderately  large 
radome  for  the  10-cm  band  or  in  a  small  nonstrcamlined  housing  for  a 
linear  array  in  the  3-cm  band,  a  material  having  a  low  stiffness  rating 
such  as  Fiberglas  laminate  or  acrylic  plastic  can  be  used.  Where  the 
mechanical  requirements  become  more  severe,  as  for  a  moderately  large 
radome  for  the  3-cm  band,  a  material  having  a  higher  stiffness  rating, 
such  as  Dow  Q-107  Polyfibre,  must  be  used.  The  latter  material  should 
be  two  to  three  times  as  stiff  as  a  Fiberglas  laminate  for  the  same  reflection 
behavior.  The  Fiberglas  reduced-density  laminate  previously  discussed 
(Sec.  13-9)  is  equivalent  to  Dow  Q-107  Polyfibre  plastic  in  strength  and 
stiffness  ratings.  Laminated  Polyflex  is  inferior  to  Polyfibre  in  stiffness ;  it 
has  found  its  best  use  in  thin  sandwiches  having  inner  and  outer  faces  of  a 
single  layer  of  ECC-1 1-112  Fiberglas.  The  ratings  for  half-wavelength 
constructions  suggest  that  the  best  material  for  such  radomes  is  Fiberglas 
laminate.  Laminated  Fiber-A  fabric  is  comparable  to  acrylic  plastic 
arid  laminated  Polyflex.  Molded  polystyrene  fiber  plastics  are  inferior 
to  these  materials  for  the  half- wavelength  construction;  they  are  best 
used  in  sandwiches  when  the  core  is  slightly  less  than  the  half- wavelength 
thickness  and  the  faces  are  each  a  single  layer  of  cemented-on  Fiberglas 
fabric.  These  data  for  constructions  of  half -wavelength  thickness  for 
normal  incidence  radomes  can  be  suitably  modified  for  the  modified 
half- wavelength  walls  of  streamlined  radomes. 


CHAPTER  14 
INSTALLATION  AND  TESTING  OF  RADOMES 


BY  K.  B.  McMiLt.AN  AND  F.  J. 

The  previous  chapters  on  radomes  dealt  with  the  theory  of  the  elec- 
trical design  and  the  mechanical  arid  electrical  properties  of  the  materials. 
This  chapter  is  an  over-all  consideration  of  problems  that  are  encountered 
in  actual  installations. 

The  actual  problem  involves  aerodynamic  and  structural  aspects 
that  are  just  as  important  as  the  electrical  ones.  The  discussion  of  these 
aspects,  however,  is  extremely  brief,  since  numerous  and  excellent  treat- 
ments2 of  the  aerodynamic  and  structural  problems  are  already  available. 

In  order  to  prove  the  quality  of  a  radome  design  and  to  have  control 
of  quantity  production  it  was  necessary  to  develop  special  tests,  both 
structural  and  electrical.  These  testing  procedures  and  examples  of 
actual  radome  installations  are  discussed  in  detail. 

14-1.  Aerodynamic  Considerations.  —  There  is  no  simple  or  universal 
solution  of  the  aerodynamic  problems  encountered  in  designing  radomes. 
Each  installation  is  individual  and  depends  upon  the  airplane,  its  speed, 
the  location  of  the  radome,  and  the  size  and  shape  of  the  radome.  Although 
a  few  simple  generalities  can  be  presented,  only  careful  tests  made  in 
actual  flight  or  on  appropriate  models  in  a  wind  tunnel  can  lead  to  a  truly 
optimum  aerodynamic  design. 

At  velocities  below  300  mph  the  effects  of  compressibility  can  be 
neglected  and  the  problem  can  be  considered  as  one  of  incompressible 
flow.  For  this  type  of  flow,  the  expression  for  the  drag  of  a  body  has 
the  form 

Dp  =  Cp  —  2~  A,  (1; 

1  E.  B.  McMillan  is  primarily  responsible  for  tho  discussion  of  electrical  problems. 
and  F.  J.  Mehringer  for  the  discussion  of  mechanical  and  aerodynamic  problems. 
H.  A.  Perry  supplied  illustrative  material  on  equipment  for  electrical  testing. 

2  For  information  on  aerodynamics  see  Pramltl  and  Tietjens,  Fundamentals  of 
Hydro-  and  Aeromechanics  and  Applied  Hydro-  and  Aeromechanics,   McGraw-Hill, 
New  York,  1934;  R.  von  Mises,  Theory  of  Flight,  McGraw-Hill,  New  York,  1945; 
E.  P.  Warner,  Airplane  Design  (Aerodynamics,  1st  ed.,  1927;  Performance,  2d  ed., 
1036),  McGraw-Hill,  New  York;  publications  of  National  Advisory  Committee  for 
Aeronautics. 
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where  Dp  is  the  drag  force  in  pounds;  Cp,  the  drag  coefficient;1  p,  the 
density  of  the  fluid  in  slugs  per  cubic  ft;  V,  the  velocity  of  the  air  stream 
(velocity  of  airplane)  in  feet  per  second;  and  A,  the  reference  area  in 
square  feet,  usually  frontal  area.  The  drag  coefficient  is  dependent  upon 
the  shape  of  the  object  and  a  dimensionless  ratio  called  the  Reynolds 
number.2  The  quantity  pV2/2  in  Eq.  (1)  is  known  as  the  dynamic 
pressure  and  is  represented  by  the  symbol  q0  =  pV2/2.  It  is  expressed 
either  in  pounds  per  square  foot  or  pounds  per  square  inch.  Since  the 
magnitude  of  the  distribution  of  pressure  on  a  given  body  varies  in 
proportion  with  the  dynamic  pressure  go,  the  pressure  distribution  is 
usually  described  by  giving  values  of  the  dimensionless  ratio  q/qo. 

From  Eq.  (1)  it  can  be  seen  that  the  drag  force  of  a  given  shaped  body 
will  increase  in  proportion  to  the  frontal  area.3  It  is  therefore  desirable 
to  reduce  the  projected  area  of  a  radome  as  much  as  possible  and  approach 
the  ideal  aerodynamic  installation  where  the  radome  forms  part  of  the 
skin  of  the  plane. 

The  drag  of  a  body  can  be  reduced  by  fairing  it  or  altering  its  shape  in 
such  a  way  that  the  turbulence  of  the  air  flowing  over  and  around  it  is 
reduced  to  a  minimum.  For  incompressible  flow  the  best  shape  is  moder- 
ately blunt  in  the  front  and  tapers  back  gradually,  the  maximum  section 
occurring  at  a  distance  of  0.2  to  0.3  of  the  length  from  the  forward  edge. 
Such  a  shaped  radome  is  shown  in  Fig.  14-6.  The  drag  of  this  radome 
mounted  on  a  B-29  between  the  bomb  bay  doors  is  estimated  at  3  mph, 
about  two-thirds  that  for  a  cylindrical  radome  housing  a  reflector  of  the 
same  size,  like  that  of  Fig.  9-3. 

The  drag  of  an  appendage  can  be  further  reduced  by  taking  advantage 
of  the  turbulent  layer  that  is  usually  present  in  the  air  flow  at  the  middle 
and  aft  sections  of  a  plane.  By  putting  a  protuberance  in  this  turbulent 
stream,  further  disturbance  of  unturbulent  air  is  avoided,  thus  eliminating 
appreciable  increase  in  the  resultant  drag  that  would  come  from  put- 
ting the  projecting  member  in  otherwise  quiet  air.  Figure  14-1  shows 
the  AN/APQ-3  installation  with  a  reflector  60  in.  wide.  By  making  the 
reflector  quite  shallow  (12  in.  in  height)  and  partially  retracting  the 
antenna  inside  the  fuselage,  the  extension  of  the  radome  below  the  keel 
line  of  the  plane  was  kept  down  to  only  lOf  in.  Although  this  radome 
has  a  frontal  area  greater  than  that  of  the  streamlined  housing  for  the 
29-in.  reflector,  its  drag  is  only  half  as  great. 

There  are  further  advantages  in  a  low-drag  radome,  because  lower 

1  At  sea  level  the  density  of  the  air  p  is  taken  as  0.00238  slug/ft3.     This  value  is 
always  used  when  the  velocity  V  is  indicated  air  speed,  regardless  of  altitude  of  flight. 

2  See  the  texts  cited  in  the  introduction  to  this  chapter. 

3  This  is  only  approximately  true,  since  there  is  no  attempt  in  this  equation  to 
allow  for  the  fact,  that  the  airplane  as  a  whole  does  not  increase  in  size  proportionally. 
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drag  and  lower  pressure  on  the  radome  go  together.  If  the  pressure  is 
lower,  the  structural  requirements  are  less  severe  and  the  electrical  design 
can  be  better.  Typical  pressure  distribution  curves  are  shown  in  Fig. 
14-2.  These  data  were  taken  during  actual  flight  with  the  radome 
mounted  on  a  B-17E  aircraft.  The  peak  negative  pressure  is  in  the 
order  of  0.9go.  For  the  shallow  radome  shown  in  Fig.  14-1,  the  peak 
pressure  has  been  estimated  to  be  only  0.5</0. 


1/1G.   14-1.-—  A  holly 
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Determination  of  the  optimum  size  and  shape  of  a  radome  by  a  study 
of  the  radome  alone  is  not  sufficient  to  ensure  that  the  shape  will  have  a 
low  drag  when  integrated  with  the  airplane;  the  location  on  the  plane 
and  the  manner  of  attachment  can  cause  the  resultant  over-all  drag  to 
exceed  the  sum  of  the  individual  drag  forces  by  a  large  amount.  An 
example  is  given  by  the  AN/APQ-7  radar  system  installed  on  a  B-29;  it  is 
shown  in  Fig.  14-3a.  The  airfoil  section  shown  at  a  has  extremely  low 
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drag,  yet  when  this  section  was  mounted  on  the  B-29,  the  effect  was  more 
severe  than  that  of  the  earlier  cylindrical  radome  installation  for  the 
AN/APQ-13.  This  set  had  a  radome,  like  that  of  Fig.  9-3,  that  was  35i 
in.  in  diameter  and  extended  about  32  in.  beyond  the  skin  of  the  plane. 
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FIG.  14-2. — Pressure  distribution  on  a  streamlined  radomo  mounted  on  the  B-17E 
in  place  of  the  ball  turret.  The  speed  of  the  airplane  during  the  test  was  1 98  mph.  (Cour- 
tesy of  U.S.  Army.) 

It  has  been  estimated  that  the  cylindrical  radome  decreased  the  top  speed 
of  the  plane  by  4^  mph;  the  estimated  effect  of  the  airfoil  for  the  AN/ 
APQ-7  was  6  mph.  This  increase  in  the  drag  is  attributable  to  new  inter- 
ference effects.  Both  installations  shown  in  Fig.  14-3a  and  b  resulted  in 
extremely  high  drag.  The  constriction  of  the  space  between  the  airfoil 
and  the  fuselage  restrains  the  flow  in  such  a  way  that  it  is  more  advan- 
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tageous  to  fill  in  these  spaces  completely,  as  in  Fig.  14-3c;  even  though 
the  frontal  area  may  be  greatly  increased. 

With  speeds  in  excess  of  300  mph,  compressibility  effects  become  more 
and  more  critical.  The  drag  of  a  body  is  no  longer  just  a  function  of  its 
size,  shape,  velocity,  and  Reynolds  number  but  also  involves  a  quantity 
known  as  the  Mach  number.  The  Mach  number  is  the  ratio  of  the 
velocity  of  the  air  stream  to  the  velocity  of  sound  in  the  air  stream. 

The  available  data  on  compressible  flow  are  extremely  meager  at 
present.  The  theory  involves  the  solution  of  nonlinear  differential 
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Km.  14-3. — (a)    Airfoil  section  connected  by  .streamlined  struts. 
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Km.  14-3. — (b)    Airfoil  section  mounted  in  con  I  net  with  fuselage. 
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FIG.  14-3. — (c)    Airfoil  section  mounted  in  contact  with  remaining  intei  veiling  .space  filled. 

equations,  and  only  the  simplest  of  these  have  ber.n  solved  so  far.  The 
wind  tunnel  results  have  been  few  because  the  development  of  wind 
tunnels  for  compressible  flow  has  been  slow  until  very  recently.  The 
indications  are,  however,  that  the  ideal  aerodynamic  shapes  for  non- 
compressiblc  flow  are  not  at  all  desirable  for  compressible  flow. 

Airfoils  for  noncompressible  flow  are  characterized  by  rather  blunt 
leading  edges,  the  maximum  thickness  occurring  at  a  distance  of  0.2  to 
0.3  of  the  length  from  the  leading  edge.  This  shape  results  in  a  very 
high  peak  pressure  at  the  station  of  maximum  thickness  (see  Fig.  14-2). 
A  large  negative  pressure  is  indicative  of  large  increase  of  the  velocity  in 
the  air  flow.  When  such  a  shape  is  used  at  high  velocities  the  local 
velocity  at  this  point  of  greatest  velocity  approaches  the  velocity  of 
sound.  The  flow  immediately  becomes  unstable;  intense  turbulence  for 
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the  remainder  of  the  flow  over  the  airfoil  occurs  and  causes  a  rapid 
increase  in  the  drag. 

The  tests  on  compressible  flow  made  to  date  indicate  that  it  is  desir- 
able to  have  a  much  longer  and  more  gradual  taper  in  the  forward  portion 
so  that  the  maximum  section  occurs  at  about  0.6  to  0.7  of  the  length  from 
the  leading  edge.  This  has  two  effects:  One  is  to  reduce  the  length  over 
which  turbulence  might  take  place;  the  other  is  to  decrease  the  peak 
pressure  by  making  the  taper  more  gradual.  This  lower  peak  pressure  is 
associated  with  corresponding  decrease  in  the  velocity  of  flow  at  this 
point;  the  critical  value  of  the  Mach  number,  for  which  the  drag  for 
the  body  starts  to  increase  very  rapidly,  is  approached  only  at  much 
higher  speeds  of  the  airplane.  An  additional  decrease  in  drag  has  been 
produced  by  abruptly  cutting  off  some  of  the  rearward  portion  of  the 
airfoil.  This  tends  to  decrease  further  the  surface  area  over  which 
turbulent  flow  occurs. 

It  should  be  emphasized  that  the  above  discussion  on  compressible 
flow  applies  only  to  airfoils.  The  design  of  an  appendage  to  an  airplane 
based  on  the  suggested  changes  may  not  be  at  all  satisfactory.  The 
optimum  aerodynamic  design  can  be  obtained,  therefore,  only  by  careful 
tests  of  models  in  a  suitable  wind  tunnel  or  on  an  actual  plane  in  flight. 

14-2.  Structural  Design  of  Radomes. — A  radome  does  not  present 
any  new  demands  on  the  theory  of  structural  design.  The  unusual 
aspects  are  that  the  shape  of  the  radome  and  the  wall  construction  cannot 
be  changed  greatly  because  of  structural  requirements  but  are  limited  by 
aerodynamic  and  electrical  requirements.  The  problem  of  structural 
design,  therefore,  is  to  determine  the  optimum  construction  and  dimen- 
sions of  the  wall  within  a  limited  range  of  possibilities. 

A  detailed  analysis  of  the  structural  design  problem  would  be  long; 
and  as  there  are  numerous  sources  of  information  on  this  subject,1  this 
discussion  will  be  extremely  brief.  It  should  be  emphasized,  however, 
that  it  is  impossible  to  make  an  exact  analysis  for  the  structural  design 
of  a  radome  because  of  its  irregular  shape,  the  nonuniform  distribution 
of  pressure,  the  nonisotropicity  of  the  radome  material,  and  the  varia- 
tions in  the  physical  properties  of  the  materials  even  within  one  radome. 
Other  factors,  such  as  impact  loads,  cannot  be  predicted  or  estimated. 

Structural  analysis  of  a  radome  can  yield  two  important  results.  The 
first  is  the  deflection,  or  stiffness,  that  will  determine  the  clearance  neces- 
sary for  the  antenna.  The  other  is  the  strength.  It  may  be  limited  by 
either  the  ultimate  strength  of  the  material  or  the  elastic  stability  of  the 

1  S.  Timoshenko,  Theory  of  Plates  and  Shells,  McGraw-Hill,  New  York,  1940,  and 
Theory  of  Elasticity,  McGraw-Hill,  New  York,  1934;  J.  E.  Younger,  Mechanics  of 
Aircraft  Structures,  2d  ed.,  McGraw-Hill,  New  York,  1942;  Niles  and  Newell,  Airplane 
Structures,  3d  ed.,  Vols.  I  and  II,  Wiley,  New  York,  1943. 
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radome.  The  latter  may  be  the  limiting  factor  when  the  air  loading 
consists  primarily  of  positive  (compressive)  pressure. 

In  proceeding  with  the  structural  design,  several  simplifying  assump- 
tions are  often  made.  The  first  involves  a  simplification  of  the  pressure 
distribution.  When  the  radome  is  shallow  and  is  mounted  on  the  under- 
side toward  the  rear  of  the  fuselage,  the  pressure  may  be  assumed  to  be 
uniformly  distributed.  A  uniformly  varying  pressure  is  sometimes  used 
in  computations  on  radomes  that  are  mounted  well  forward  on  the  fuse- 
lage. Other  simplifications  may  involve  trigonometric  or  exponential 
functions.  It  is  also  helpful  to  assume  a  continuous  function  for  the 
surface  of  an  irregularly  shaped  radome  so  that  the  elastic  equations  may 
be  reduced  in  complexity. 

When  the  wall  is  very  thin  in  comparison  with  its  radius  of  curvature 
and  the  prevailing  pressure  is  negative,  the  radome  may  be  treated  as  a 
membrane  which  is  not  subject  to  the  stresses  of  bending  moments  and 
thus  experiences  lower  stresses.  The  occurrence  of  positive  pressures 
prevents  the  use  of  the  membrane  approximation.  It  may  then  be 
desirable  to  simplify  the  solution  by  dividing  the  radome  into  longitudinal 
and  transverse  strips  of  unit  width  and  treating  the  strips  as  individual 
arches.  It  is  necessary  to  proportion  the  loads  assigned  to  the  various 
strips  so  that  at  any  given  point  the  deflection  for  the  corresponding 
longitudinal  and  transverse  strips  will  agree. 

Whether  the  analysis  is  made  on  the  basis  of  drastic  simplifying 
assumptions  or  by  more  rigorous  methods,  it  can  at  best  be  only  approxi- 
mate. The  results  of  any  analysis  should  be  verified  by  structural  tests. 

14-3.  Anti-icing  and  Deicing. — Anti-icing  or  deicing  of  radomes  is 
applied  for  electrical  or  aerodynamical  reasons  when  necessary.  "Anti- 
icing"  refers  to  the  prevention  of  the  formation  of  ice;  "deicing/1  to  the 
removal  of  ice  already  formed.  Dry  ice  is  a  dielectric  material.  Its 
dielectric  constant  and  loss  tangent  vary  with  frequency,  but  in  the  micro- 
wave region  at  —  12°C  e'  is  about  3.2  and  tan  5  equals  0.00018.  A  uni- 
form coating  of  ice  on  a  dielectric  wall  has  the  same  effect  as  a  uniform 
increase  of  wall  thickness,  with  a  resulting  increase  in  the  reflection  and  a 
decrease  of  the  transmission.  A  nonuniform  coating  will  cause  changes 
in  the  antenna  pattern.  As  it  forms,  ice  presents  a  highly  reflective 
coating  of  water  to  the  radiation,  the  dielectric  constant  at  0°  varying 
from  80  to  3000  Me/sec  to  30  at  9500  Me/sec.  It  is  desirable,  therefore, 
not  only  to  anti-ice  but  to  use  measures  to  prevent  the  formation  of  the 
film  of  water,  as  it  is  easier  to  prevent  the  formation  of  ice  than  to  remove 
it  once  it  has  formed. 

Mechanical  methods  of  checking  ice  formation  are  usually  measures 
for  deicing  rather  than  for  anti-icing.  The  use  of  expandable  air  ducts 
such  as  the  rubber  edge  of  airfoils  is  familiar.  Pulsations  of  the  ducts 
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force  the  constantly  forming  ice  to  break  off.  The  expulsion  of  fluid 
under  pressure  through  porous  walls  has  also  been  used. 

Chemical  methods  of  anti-icing  include  the  use  of  antifreeze  pastes 
and  liquids.  These  can  be  applied  by  external  methods  such  as  wiping 
or  spraying,  or  they  can  be  extruded  through  porous  plastic;  walls.  The 
dielectric  properties  of  such  a  substance  and  the  uniformity  of  covering 
are  important.  Surface  treatment  may  include  application  of  a  non- 
wetting  coating  that  does  not  need  frequent  renewal. 

Thermal  methods  include  conduction  heating  from  an  internal  or 
external  source  and  convection  heating.  The  latter  may  involve  the 
circulation  of  hot  liquids  or  gases  between  double  walls  as  for  the  radome 
of  the  AN/APQ-7  radar.  This  system  requires  auxiliary  heaters,  which 
are  objectionable  because  of  the  weight  added  by  the  heaters  and  the 
additional  fuel  required. 

Extensive  use  has  not  been  made  of  methods  for  prevention  or  removal 
of  ice.  Ice  was  frequently  encountered  in  the  European  Theater  during 
World  War  II,  but  flights  were  usually  able?  to  avoid  icing  areas.  The 
Pacific  Theater  was  comparatively  free  of  icing  conditions. 

Airborne  radomes  in  the  leading  edge  of  the  wing  of  the  AN/A  PQ-7 
type  (Sees.  6-14  and  14-5)  were  required  to  meet  the  same  anti-icing 
specifications  as  the  rest  of  the  airplane ;  the  decrease  of  lift  of  the  AN/- 
APQ-7 airfoil  caused  by  ice  would  not  be  critical,  but  the  increase  in 
weight  would  be.  This  airfoil  was  flown  in  both  theaters,  but  without 
heat  in  the  Pacific. 

Ship  and  ground  radomes  also  have  to  be  kept  reasonably  free  of  ice 
in  order  to  avoid  excessive  structural  load.  On  occasion,  shipbornc 
radomes  have  been  deiced  by  hand  chipping. 

While  anti-icing  and  deicing  are  highly  desirable,  the  present  available 
methods  of  anti-icing  and  deicing  of  radomes  are  not  satisfactory.  Much 
more  development  is  needed. 

14-4.  Examples  of  Airborne  Normal -incidence  Radomes.  Cylindrical 
Radomes  for  the  A  SO  (AN/APS-2). — The  original  radome  intended  for 
installation  in  B-24's  and  PB4Y's  was  made  of  a  single  thin  wall  of  a 
Fiberglas  laminate  using  Plaskon  700  resin;  the  dielectric  constant  was 
over  5.0,  and  the  wall  thickness  was  0.000  in.  Initial  tests  of  the  ASG  in 
such  a  radome  resulted  in  complete  disappearance  of  signals  from  certain 
sectors,  as  discussed  in  Sec.  9-2  and  shown  in  Fig.  9-7  of  that  section. 

A  new  design  was  made,  consisting  of  a  double-walled  radome  in 
which  Laminae  resin  P4122  was  used,  thus  reducing  the  dielectric  con- 
stant to  4,0.  Each  wall  was  0.060  in.  thick  and  separated  from  the 
opposite  wall  by  a  distance  of  0.825  in.,  the  separation  having  been  arrived 
at  according  to  the  methods  of  Sec.  10-5.  The  improvement  resulting 
from  use  of  this  new  design  is  shown  in  c  of  Fig.  9-7. 
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The  AN/APS-Q  Wing  Nacelle  flodome  — This  is  an  example  of  the 
use  of  an  electrically  thin  Avail  of  a  material  having  a  moderately  low 
dielectric  constant  (c/e0  =  2.2)  for  a  small  normal-incidence  radome  for 
the  3-cm  band.  The  material  was  Poly  fibre.  The  AN/APS-6  wing 
nacelle  is  installed  as  shown  in  position  ./  in  Fig.  9-6.  It  deviates  a  little 
from  the  hemispherical  shape  to  form  a  paraboloid  that  gives  mild  stream- 
lining. It  is  classified  as  a  normal-incidence  radome,  since  a  diagram 
of  the  incident  and  reflected  rays  shows  that  none  departs  more  than  30° 
from  the  normal,  as  shown  in  Fig.  9-18. 

The  beam  scans  a  continuous  spiral  from  0°  to  60°  and  back  to  0°. 
In  the  position  of  maximum  riod  of  the  antenna  the  radome  presents  its 
greatest  area  at  nearly  normal  incidence  and  the  antenna  is  subject  to 
the  maximum  rate  of  change  of  impedance.  A  description  of  the  scan- 
ning mechanism  is  given  in  Sec.  0-13. 

Transmission  tests  of  the  radome  provided  by  the  airplane  manu- 
facturer showed  a  reduction  in  one-way  transmission  of  power  of  at  least 
40  per  cent.  This  radome  had  a  Avail  section  of  phenolic  laminated  cotton 
duck  nearly  ^  in.  thick.  A  model  submitted  by  a  plastics  manufacturer, 
made  of  laminated  P'iberglas  TB  in.  thick,  resulted  in  a  similar  reduction. 
An  accompanying  reduction  in  range  of  20  to  25  per  cent  resulted  from 
this  cause  alone.  The  pulling  of  the  transmitting  magnetron  beyond 
the  (rapacity  of  the  AFC  also  caused  loss  in  poAver  and  efficiency.  The 
reflected  power  was  sufficient  to  result  in  most  of  the  harmful  effects  of 
reflection  discussed  in  Sec.  9-2.  On  the  basis  of  comparison  of  the 
strength  and  stiffness  ratings  of  the  materials  then  available  in  usable 
form — polymethyl  methacrylate,  Fibcrglas  laminates,  and  Poly  fibre 
plastic — the  last-named,  which  had  been  developed  for  this  sort  of 
application,  was  selected  for  the  neAv  design.  The  minimum  thickness 
that  would  withstand  static  load  tests  Avas  found  to  be  0.090  in. 

The  tolerances  specified  were  —0.00  in.,  +0.035  in.  Since  even 
greater  thicknesses  do  not  result  in  changes  of  impedance  beyond  the 
capacity  of  the  AFC,  the  tolerances  were  chosen  to  get  mechanical  uni- 
formity and  to  avoid  excessive  Aveight.  Loss  of  power  by  absorption  in 
the  material  is  negligible  because  d/\  is  small  and  the  loss  tangent  does 
not  exceed  0.001.  The  design  proved  satisfactory.  The  radome  is 
lighter  and  more  moisture  resistant  than  earlier  models.  Some  difficulty 
was  experienced  in  service  because  of  slow  erosion  of  the  plastic  and 
changes  of  shape  that  resulted  whenever  the  percentage  of  residual  sol- 
vent in  the  Polyfibre  AY  as  high. 

The  Design  of  the  AN /APS-±  Radome. — This  is  an  example  of  a  small 
normal-incidence  airborne  radome,  having  an  extremely  thin  wall  of 
medium-high  dielectric  constant  (e/«o  =  3,5),  that  derives  much  of  its 
rigidity  from  pressurization  of  the  enclosed  space.  It  is  a  cylinder 
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about  17  in.  in  diameter,  terminated  in  a  hemisphere.  Its  installation 
in  a  bomb  rack  is  illustrated  at  M  in  Fig.  9-6.  The  antenna  consists  of  a 
14-in.  dish  for  the  3-cm  band.  The  "ray  "  diagram  and  other  geometrical 
relationships  are  similar  to  those  of  Fig.  9-18. 

The  radome  is  required  to  hold  two-thirds  of  its  pressure  for  10  hr 
without  aid  of  the  pressurizing  pump  after  10  severe  weathering  cycles 
that  include  temperature  extremes,  high  humidity,  and  exposure  to  ultra- 
violet light.  It  is  further  required  to  withstand  at  least  150  per  cent  of 
the  expected  aerodynamic  load  with  both  low  and  high  internal  pressure. 

A  Polyfibre  radome  survived  the  pressurizing  and  cycling  tests.  A 
radome  that  Avas  capable  of  passing  the  tests  Avas  made  of  nearly  half  the 
weight,  however,  by  utilizing  a  carefully  molded  knit  fiber  glass  fabric 
which  is  better  able  to  Avithstand  the  internal  pressure.  With  this 
material  the  radome  wall  is  0.050  in.  thick  in  the  cylindrical  section  and 
thins  to  0.040  in.  in  the  hemispherical  end.  The  material  consists  of  an 
Oneida  knit  fiber  glass,  including  25  per  cent  cotton,  and  laminated 
Avith  Bakelite  BRS  16631  polycsterstyrene  resin.  Its  dielectric  constant 
is  3.5. 

While  the  loss  tangent  (0.015)  exceeds  that  of  Polyfibre  (<  0.001), 
this  is  of  little  significance  in  so  thin  a  radome.  The  power  absorbed 
proved  to  be  less  than  1  per  cont,  and  the  power  transmitted  was  89  per 
cent,  which  agrees  with  theoretical  calculations.  A  refocusing  that 
strengthened  the  main  lobe  at  the  expense  of  the  side  lobes  and  gave  an 
apparent  poAver  transmission  of  100  per  cent  Avas  observed  in  the  zero 
azimuth  position  of  the  antenna.  Although  the  performance  did  not 
quite  equal  that  of  the  Polyfibre  radome,  it  was  Avell  Avithin  design  limits. 

The  mechanical  advantage  of  this  construction  lies  in  its  ability  to 
hold  the  internal  pressure,  which  gives  it  stiffness.  Its  rigidity  Avithout 
pressure  is  not  equal  to  that  of  an  equal  Aveight  of  Polyfibre,  so  in  recent 
models  stiffening  rings  have  been  added  to  the  nonelectrical  area  to  take 
care  of  failure  of  the  pressurizing.  In  addition,  the  stretch  of  the  fabric 
makes  for  ease  of  fabrication  Avhich  helps  in  meeting  the  very  high  pro- 
duction schedule.  Every  radome  is  tested  mechanically,  and  representa- 
tive radomes  are  given  severe  durability  tests.  Very  feAv  have  failed  to 
meet  these  standards. 

After  the  radar  and  radome  were  far  advanced  in  production  and 
installation,  it  Avas  found  that  radomes  of  AN/APS-4  sets  carried  in 
P-38  bomb  racks  were  being  destroyed  by  ejected  shell  cases.  Similar 
destruction  occurred  Avith  Marbon  B  and  Marbon  S  (cyclized  natural 
rubber  and  resin-modified  GK-S  rubber  respectively)  cylindrical  radomes 
installed  Avith  AN/APQ-13  (29  in.)  in  B-29's.  An  example  is  shoAvn  in 
Fig.  14-4.  Both  cyclized  and  natural  rubber  caps  cemented  over  the 
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exterior  of  the  AN/APS-4  radome  were  tested  by  the  ATSC,  but  they 
were  not  entirely  satisfactory. 

Design  of  Large  Radomes. — For  nearly  normal  incidence  the  optimum 
core  thickness  of  a  sandwich  radome  for  the  1 0-cm  band  may  prove  to  bo 
impractically  great.  One  very  large  normal-incidence  radome  was 
designed  for  an  antenna  that  exceeded  the  airplane  considerably  in  width. 
A  sandwich  of  less  than  the  optimum  olrrtrical  thickness  was  used.  11. 


FIG.  14-4.— Rubber  radome  damaged  by  firing  of  lower  guns.     (Courtesy  of  Air  Transport 

Service  Command.) 

was  placed  under  the  airplane  streamlined  to  fair  into  the  after  part  of  the 
fuselage.  Figure  14-5  shows  this  radome  attached  to  a  mount  for  testing 
the  pattern  of  the  antenna  and  radome. 

The  radome  wall  consisted  of  a  structural  sandwich  using  Fiberglas 
laminate  skins  0.040  in.  thick  and  a  core  of  GR-A  cellular  hard  rubber 
board  0.52  in.  thick.  Some  reduction  of  reflection  was  obtained  by  this 
arrangement,  although  it  was  thinner  than  a  first-order  sandwich  and 
served  chiefly  to  give  a  very  light,  rigid,  and  strong  structure.  It  was 
chosen  primarily  to  save  weight,  because  of  the  size  of  the  radome. 
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The  maximum  deviation  from  normal  incidence  was  not  great,  so 
transmission  was  good.  In  a  later  design,  transmission  to  the  rear  was 
improved  by  increasing  the  thickness  of  the  core.  Tests  of  a  radome  of 
equal  weight  but  having  a  wall  consisting  solely  of  a  Fibcrglas  laminate 
confirmed  the  mechanical  superiority  of  the  sandwich  construction. 


\  I  r   ,   -M     fl     f 

*    ffli       hjtkt,    H*. 

^S5tt 

it  ;»'  f;\y 


IG.  14-5.  —  Front  view  of  one  side  of  radome  inverted  on  test  mount.     The  antenna  .shows 


at  the  right. 

14-6.  Examples  of  Streamlined  Radomes.  Nose  Radomes  for  the  P-6  1  . 
Difficulties  experienced  with  the  SCR-720  radar  installed  in  the  P-61  air- 
plane are  discussed  in  Sec.  9-2.  Figure  9-11  shows  a  plane  with  radome. 
The  original  radome  was  made  of  a  laminate  of  Fibcrglas  with  a  polyester- 
styrene  resin  that  had  a  dielectric  constant  of  4.0  and  a  loss  tangent  of 
0.015.  The  radome  was  0.125  in.  thick  in  the  electrical  area  and  0.185  in. 
elsewhere.  It  reflected  8  per  cent  of  the  incident  power  at  normal 
incidence  in  the  10-cm  band.  Analysis  showed  that  a  thickness  of 
0.085  in.  in  the  electrical  area  would  lower  the  reflection  to  2.8  per  cent 
and  give  a  mechanical  safety  factor  of  1.5.  A  thinner  radome  was  made 
and  tested.  It  gave  the  satisfactory  results  shown  in  Fig.  9-13. 

Radome  for  the  ASG-3  Radar  in  the  PBM-3C  Airplane.—  This  radome 
was  located  on  the  PBM-3C  airplane  in  position  C  of  Fig.  9-5.  It  was 
approximately  8  ft  long,  3  ft  wide,  and  4  ft  high.  The  original  design  for 
this  radome  was  made  by  structural  designers  at  a  time  when  it  appeared 
to  many  that  any  material  sufficiently  strong  and  "fairly  transparent" 
to  radiation  could  be  used.  Many  other  radomes  were  built  to  satisfy 
only  these  basic  requirements. 
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Serious  limitation  in  range  of  the  ASG-3  in  operational  flights  was 
reported.  Laboratory  tests  of  the  set  disclosed  a  reduction  in  power  of 
nearly  50  per  cent.  The  power  transmission  coefficient  of  the  radome 
was  94  per  cent,  but  the  loss  of  power  by  the  system  corresponded  to  a 
30  per  cent  reduction  in  standard  range.  Frequency  pulling  of  the 
magnetron  was  blacking  out  certain  sectors  in  the  scope  in  the  forward 
direction,  as  shown  in  Fig.  9-7.  Transmission  through  the  streamlined 
tail  was  satisfactory. 

The  radome  was  constructed  with  a  thin  wall,  0.060  in.  thick,  of  a 
Fiberglas  laminate  made  with  Plaskon  700  resin  that  had  a  dielectric 
constant  over  5.  The  reflection  was  found  to  be  4.5  per  cent,  in  accord 
with  theory.  To  remove  the  cause  of  pulling,  a  reflectionless  double 
Avail  was  designed.  An  inner  wall  of  the  same  thickness  as  the  outer  one 
was  attached  to  the  forward  half  of  the  radome  and  spaced  0.80  in.  from 
the  outer  wall.  The  improvement  that  resulted  from  the  double-walled 
design  can  be  seen  in  Fig.  9-8a,  b,  c. 

The  AN/APQ-13  (60-m.)  Radome. — Although  satisfactory  radomes 
had  previously  been  designed,  none  of  these  had  imposed  so  great  a 
demand  on  the  designer  as  the  radome  for  the  AN/APQ-13  (60-in.) 
3-cm  radar.  Because  of  the  high  estimated  loads  on  the  radome  and  the 
high  angles  of  incidence  of  the  radiation,  it  was  decided  that  a  sandwich 
construction  was  needed  for  optimum  all-round  performance. 

Theoretically  the  design  appeared  to  be  straightforward.  The  shape 
of  the  radome  was  based  on  a  protrusion  as  small  as  the  primary  antenna 
pattern  would  permit  and  on  a  maximum  angle  of  incidence  of  70°.  Test 
panels  were  molded  to  the  theoretical  values  and  found  to  give  results  in 
disagreement  with  predictions.  Further  investigation  showed  that  the 
discrepancy  was  due  to  a  film  of  resin  between  the  skin  and  core  of  the 
sandwich,  which  behaved  electrically  as  additional  skin  thickness  (see 
Sec.  10-6). 

In  order  to  minimize  the  glue  line  and  keep  its  thickness  fairly  uniform, 
it  was  necessary  to  refine  the  core  of  cellular  hard  rubber  and  also  to 
develop  a  new  molding  technique,  the  "wet  lay-up"  method.  With 
these  developments  it  became  practicable  to  hold  the  glue  line  to  approxi- 
mately 0.010  in. 

No  exact  structural  analysis  of  this  radome  was  made.  For  an 
approximation,  it  was  treated  as  a  membrane  because  it  was  realized  that 
the  pressure  distribution  would  be  nearly  uniform.  The  shape  of  a  stressed 
membrane  will  be  subject  to  minimum  stresses  and  deflections  under  a  uni- 
form load  because  stresses  involved  in  bending  tend  to  disappear,  especially 
when  the  wall  thickness  is  small  compared  with  the  curvature  of  the 
structure.  The  radome  was  mounted  to  the  plane  by  flexible  straps  so 
that  the  possibilities  of  bending  moments  would  be  further  reduced. 
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I      Axis  of  antenna 
P^Drain  hole 


On  the  basis  of  numerous  electrical  and  mechanical  tests  it  was 
decided  to-  use  the  following  sandwich  construction :  core  of  cellular  hard 
rubber  of  12  lb/ft3  density;  faces,  laminates  of  ECC-11-128  Fiberglas 
and  BRS  16631  resin  0.030  in.  ±  0.002  in.;  over-all  thickness,  0.440  in. 
±  0.002  in. 

The  results  of  structural  loading  tests  on  this  radome  are  discussed  in 
Sec.  14-10.  Crude  measurements  made  on  the  initial  flight  test  indicated 
that  the  radome  deflection  did  not  exceed  i  in.  An  idea  of  the  mechanical 
properties  of  the  final  radome  can  best  be  obtained  by  examining  the 
specifications,  some  of  which  follow : 

Bending  moment  per  inch  of  width,  Ib-in./in 250 

Stiffness  coefficient  (El  per  inch  of  width),  lb-in.2/i»             5500 

Edgewise  compressive  stress,  lb/iii.2 840 

Tensile,  strength  normal  to  the  surface,  lb/in.2 200 

The  sandwich  construction  was  so  balanced  as  to  give  as  nearly  uniform 
transmission   as  possible  throughout  the  range  of  angles  of  incidence 

from  0°  to  70°. 

Difficulties  were  encountered 
in  the  initial  trials  of  this  radar 
system,  particularly  in  flights  at 
low  altitude  when  the  beam  was 
almost  horizontal.  It  Avas  learned 
later  that  interference  resulted 
from  diffraction  at  the  edge  of  the 
airplane.  The  simple  application 
of  the  primary  antenna  pattern  for 
determining  extension  of  the 
antenna  is  inadequate.  This 
effect  is  discussed  in  detail  in  Vol. 
12.  The  radome  was  arbitrarily 
extended  an  additional  2£  in.  in  order  to  lower  the  antenna.  The  out- 
line of  the  final  radome  is  shown  in  Fig.  14-6.  No  further  difficulty  from 
this  effect  was  encountered. 

The  electrical  testing  of  the  radome  is  discussed  in  Sec.  14-9. 
Nonprotruding  Radome  for  the  60-zn.  AN/APQ-13. — The  design  of 
this  radome  is  discussed  because  of  interesting  requirements  that  were 
not  encountered  in  any  other  designs.  It  is  thought  to  be  representative 
of  the  problems  that  will  be  encountered  in  the  high-speed  airplanes  of 
the  future.  The  radome  was  never  flight-tested. 

A  development  model  of  the  radome  was  molded  for  a  location  under 
the  nose  of  a  projected  fast  airplane  as  in  installation  E  in  Fig.  9-5.  Its 
shape  was  that  of  the  fuselage  which  it  was  to  replace.  The  objective 
was  to  design  the  antenna,  antenna  installation,  and  airplane  together  to 
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FIG.  14-0. — Outline  of  production  radome  for 
AN/APQ-13  GO-in.  antenna  on  the  B-29. 
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get  the  desired  aerodynamic  and  radar  performance.  Although  the 
development  of  an  entirely  new  radar  was  planned  for  use  in  the  airplane, 
the  AN/APQ-13  (60-in.)  scanner  or  a  modification  of  it  was  to  be  used 
in  the  first  installations. 

The  length  of  the  radome  was  123  in.;  its  depth,  10  in.  forward  and 
30J  in.  aft.  Its  forward  end  was  located  30  in.  aft  of  the  tip  of  the  nose. 
Its  surface  could  very  nearly  be  generated  by  revolution  of  a  single  ele- 
ment of  its  contour  about  a  fore-and-aft  axis,  the  radii  being  18£  in. 
forward  and  38f  in.  aft. 

The  following  factors  were  taken  into  consideration  in  planning  the 
shape  of  the  radome  and  the  antenna  system.  Because  vision  through 
the  nose  of  the  airplane  had  to  be  unobstructed,  the  antenna  had  to  be 
as  close  as  possible  to  the  undersurface  of  the  fuselage.  The  need  for 
placing  other  equipment  above  it  also  limited  the  location  of  the  reflector 
to  a  position  below  the  maximum  width  of  the  plane.  Good  resolution 
in  azimuth  was  dependent  upon  having  a  reflector  wide  enough  to  separate 
individual  targets. 

The  required  shape  of  the  radome  necessitated  cutting  the  ends  and 
lower  edge  of  the  reflector  in  order  to  fit  it  in.  The  maximum  width  of  the 
antenna  feed  also  had  to  be  adjusted  to  fit  the  radome.  Upward  radar- 
vision  was  limited  by  the  level  of  the  floor.  The  amount  of  upward 
vision  needed  was  determined  from  the  expected  roll  and  pitch  of  the 
airplane  in  rough  air  and  in  climbing,  gliding,  and  banking.  It  also 
depended  on  the  angle  of  depression  of  the  beam  from  the  horizontal, 
given  by  the  AN/APQ-13  antenna.  As  the  airplane  could  not  be 
designed  to  allow  unobstructed  vision,  nonrcflecting  screens  were  to 
cover  all  obstacles,  both  metallic  and  nonmetallic.  By  eliminating 
reflection,  frequency  pulling  and  the  resulting  azimuth  errors  and  loss 
of  power  were  to  be  prevented.  Distortion  of  the  wavefront  by  shift  of 
phase  in  transmission  through  dielectric  obstacles  was  also  to  be  obviated 
by  this  masking.  Diffraction  at  the  edges  of  the  screen,  however,  could 
not  be  prevented.  The  use  of  exponentially  curved  edges  for  such  a 
purpose  has  been  proposed  but  has  not  been  adequately  studied. 

In  order  to  get  maximum  range  at  low  altitudes  it  was  necessary  to 
plan  for  a  minimum  depression  of  the  nose  of  the  beam.  This  required 
satisfactory  transmission  and  low  reflection  by  the  radome  over  a  wide 
range  of  angles  of  incidence  from  nearly  normal  to  85°,  a  difficult  require- 
ment to  satisfy,  especially  for  perpendicularly  polarized  radiation.  In 
such  an  installation  in  the  fuselage  the  radome  comprises  a  large  section 
of  the  skin  of  the  airplane.  It  must  support  the  corresponding  aero- 
dynamic loading;  and  when;  the  floor  above  cannot  be  used  to  pressurize' 
the  cabin,  the  radome  must  do  so,  although  this  requirement  is  to  be 
avoided  if  possible.  An  aerodynamic  study  disclosed  a  variable  loading 
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over  the  radome.  In  normal  flight  a  positive  pressure  would  extend  over 
its  surface  with  a  maximum  of  85  lb/ft2  near  the  forward  end.  Under 
other  conditions  the  load  would  be  entirely  negative,  reaching  a  peak  of 
-210  lb/ft2  a  little  aft  of  the  forward  edge. 

Electrical  design  followed  the  techniques  outlined  in  Sees.  11-6  to 
11-8,  and  mechanical  design  was  in  accord  with  the  principles  discussed 
in  Sec.  14-2.  A  family  of  curves  similar  to  that  of  Fig.  11-18  was  pre- 
pared in  order  to  make  it  easier  to  compare  various  possible  designs.  It 
could  be  seen  that  the  range  of  angles  of  incidence  would  be  broadened  by 
decreasing  the  skin  thickness  and  that  the  corresponding  core  thickness 
Avould  increase  so  rapidly  that  the  stiffness  would  be  improved.  Con- 
sequently, the  thinnest  skins  consistent  with  adequate  surface  resistance 
to  puncture  were  sought.  Four  drawings  (Figs.  ll-19a  and  b  and  ll-20a 
and  6)  were  prepared  to  determine  manufacturing  tolerances. 

The  design  of  the  sandwich  was  begun  by  taking  the  skin  thickness  as 
the  independent  variable  and  then  determining  the  core  spacing,  in 
accordance  with  Sec.  11-8.  The  wall  was  of  uniform  construction, 
unobstructed  by  reinforcements.  The  over-all  thickness  determined 
for  the  radome  was  0.440  in.  +  0.020  in.  The  sandwich  skins  were 
0.030  in.  ±  0.002  in.  in  thickness,  each  consisting  of  four  layers  of  ECC-11- 
128  Fiberglas  cloth  laminated  with  Bakelite  resin  BRS  16631.  An 
average  skin  resin  penetration  into  the  core  not  exceeding  0.12  in.  was 
permitted.  The  core  consisted  of  cellular  GR-A  hard  rubber  board  hav- 
ing a  density  of  12  lb/ft3.  The  single-stage  wet  lay-up  molding  process, 
which  had  been  developed  for  the  AN/APQ-13  (60-in.)  radome,  was  used 
because  of  the  mechanical  and  electrical  excellence  of  the  adhesion  to 
the  core. 

The  design  of  a  similar  sandwich  is  discussed  in  Sec.  11-8,  where  it  is 
shown  that  it  is  advantageous  to  use  the  minimum  skin  thickness.  A 
value  of  dfl/Xo  equal  to  0.030  was  used  for  this  new  radome  rather  than 
0.040  as  in  the  radome  considered  in  Sec.  11-8. 

A  second  design  was  to  have  an  inner  or  compression  skin,  consisting 
of  five  layers  of  ECC-1 1-128  Fiberglas  fabric,  and  an  outer  skin  having 
three  layers  of  the  same,  to  increase  its  flexural  strength  by  25  per  cent 
when  the  thicker  face  was  in  compression.  The  core  was  to  consist  of 
a  honeycomb  hexagonal  grid  possessing  electrical  and  mechanical  prop- 
erties similar  to  those  of  Fiberglas — GR-A  foam  sandwiches.  The 
over-all  thickness  was  to  be  0.482  in.  x 

AN/APQ-7  Anti-iced  Leading  Edge. — A  sketch  of  this  installation  is 
given  in  Fig.  14-3,  and  a  photograph  shown  in  Fig.  6-17;  a  description  of 
"the  scanner  may  be  found  in  Sec.  G-14. 

The  radome  is  an  auxiliary  wing,  having  a  double -walled  leading  edge 
of  Fiberglas  molded  with  American  Cyanamid  Laminae  X-4000  resin. 
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The  entire  forward  section  containing  the  antenna  is  pressurized.  For 
anti-icing,  heated  air  flows  between  the  double  walls.  The  walls  arc 
separated  by  vertical  plastic  spacers  i  in.  wide  and  0.210  in.  thick, 
arranged  at  random  to  prevent  creation  of  extra  side  lobes. 

In  treating  effects  on  the  radiation  of  an  obstacle  as  close  to  the  source 
as  is  the  wall  of  this  radome,  the  wall  itself  should  probably  be  considered 
as  a  source  of  scattering  rather  than  as  a  reflecting  surface.  It  was  dis- 
covered in  the  design  of  streamlined  beacon  housings  that  a  wall  thickness 
intended  for  nonreflection  distorted  the  #-plane  pattern  even  though  the 
E  vector  was  in  the  plane  of  incidence.  The  radius  of  curvature  was  of 
the  same  order  as  the  wavelength.  The  AN/APQ-7  antenna,  also  simi- 
larly polarized,  was  distorted  in  the  //-plane  by  the  radome.  The 
flared  weaker  portion  of  the  pattern  seemed  to  be  the  most  affected. 
In  addition,  it  was  found  to  be  sensitive  to  the  formation  of  a  thin  coating 
of  ice  along  the  most  forward  area  of  the  leading  edge.  The  distortion 
of  the  pattern  was  minimized  by  locating  the  housing  in  a  more  favorable 
position  with  respect  to  the  antenna  and  by  design  of  a  new  flap. 

The  leading  edge  has  the  following  additional  effects  on  the  electrical 
characteristics  of  the  antenna.  The  gain  is  reduced  0.5  db  in  one-way 
transmission.  Pulling  is  observed  at  an  azimuth  of  0°  but  not  at  other 
azimuths. 

Because  of  the  difficulty  of  calculating  the  reflection  from  a  combina- 
tion of  dielectric  walls  placed  and  shaped  as  these  were,  an  approximation 
was  made  by  assuming  two  parallel  plane  dielectric  layers  separated  by 
air.  Assuming  the  dielectric  constant  to  vary  from  3.8  to  4.G  in  manu- 
facture and  selecting  a  wall  thickness  of  0.045  in.  ±  0.005  in.  for  structural 
reasons,  the  proper  spacing  between  the  walls  of  0.205  in.  ±  0.010  was 
calculated,  using  Kq.  (10-22). 

The  wear  observed  on  the  leading  edges  of  these  radomes  in  the 
Pacific  was  reproduced  in  the  laboratory  by  causing  samples  of  the  plastic 
material  to  move  at  high  speed  through  a  water  spray.  A  velocity  of 
250  mph  was  obtained  by  rotating  small  pieces  at  3400  rpm  on  an  arm 
26  in.  in  diameter.  All  Fiberglas  laminates  tested  showed  wear  regardless 
of  the  resin  used,  with  little  difference  of  practical  importance  among 
samples.  The  resins  included  a  group  of  polyesterstyrenes  and  phenolics. 
It  was  interesting  to  note  that  a  thermoplastic  sheet  (methyl  methacrylate) 
containing  no  filler  showed  no  wear.  A  A-in.  rubber  sheet  was  equally 
resistant,  and  various  rubber  cements  gave  more  limited  protection.  The 
rapid  deterioration  of  the  plastic  in  flight  appeared  to  result  in  part  from 
the  breaking  of  ribs  during  the  pressurizing  test  made  before  acceptance. 
The  broken  ribs  allowed  flexing  of  the  outer  wall  during  flight. 

Radome  for  the  GEI  Scanner. — The  roll-stabilized  GEI  scanner 
antenna  was  designed  for  a  1-cm  radar  set.  The  radome  was  73  in. 
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long,  52^  in.  wide,  and  24  in.  deep.  Its  drag  load  coefficient  (relative 
drag)  was  estimated  by  the  Air  Technical  Service  Command  to  be  2.5. 
Its  outline  was  similar  to  that  illustrated  in  Fig.  9-19,  and  its  size  and 
shape  were  based  upon  the  dimensions  of  the  space  required  for  the  swing 
of  the  antenna  (see  Fig.  14-7).  A  vertically  polarized  cosecant-squared 
roll-stabilized  antenna,  42  by  10  in.,  was  used.  It  is  shown  in  side  view 
in  Fig.  l4-7a,  swinging  from  the  pitch  adjustment  axis,  which  is  within 
the  skin  of  the  airplane.  The  minimum  inside  diameter  of  the  radome 
that  provided  for  1-in.  clearance  was  20  in.  The  depth  below  the  normal 
horizontal,  as  determined  by  the  motion  of  the  antenna  about  the  roll 
axis,  was  fixed  at  21  in.,  as  shown  in  Fig.  14-7b.  The  reader  may  refer 

Roll  adjust- 
ment axis 


I  yr-  Pitch  adjust - 
Ls     ment  axis 


Tclearance 
included  in  dimensions 


(a) 


Section  at  ,4-.4  =  26"radius 

T'clearance 
included  in  dimensions 
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FIG.  14-7. — Minimum  radome  under  B-17E  airplane  allowing  ±25°  roll  stabilization. 

to  Sec.  7-2  for  a  description  of  roll-stabilized  scanning  mechanisms  and 
to  Sec.  7-5  for  a  comparison  of  the  swept  volumes  for  four  types  of 
stabilization. 

A  modified  half-wavelength  wall  of  Fiberglas  was  chosen  for  the 
radome  because  sandwiches  for  the  1-cm  band  were  relatively  unproved 
structurally.  (A  very  thin-skinned  Poly  fibre  sandwich  later  investigated 
proved  to  be  superior  electrically  and  adequate  structurally.) 

The  radome  was  molded  of  nine  layers  of  ECC-1 1-164  and  one  layer 
of  ECC-1 1-127  Fiberglas  cloth,  with  Bakelite  resin  BUS  16631.  The 
specific  dielectric  constant  of  the  laminate  was  about  4.0;  tan  8  was 
0.015;  and  the  thickness  was  0.145  in.  This  design  was  in  accordance 
with  the  theory  given  in  Sec.  11-9. 

The  average  power  transmission  as  obtained  from  pattern  measure- 
ments was  71  per  cent.  That  of  a  flat  control  panel  at  normal  incidence 
was  80  per  cent.  The  reflection  over  a  range  of  incident  angles  of  a 
similar  modified  half-wavelength  panel  for  which  d/\0  =  0.28,  where 
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d  is  thickness  and  X0  is  free-space  wavelength,  is  given  in  Fig.  11-9.  The 
d/\o  of  the  1-cm  radome  equaled  0.296. 

Table  13-14  rates  a  laminate  of  Fiberglas-polyesterstyrene  higher 
mechanically  than  Polyfibre  plastic  for  the  Avail  of  a  half-wavelength 
radome.  In  the  1-cm  band  the  latter  is  more  desirable  because  wider 
manufacturing  tolerances  are  permitted  and  it  has  a  much  lower  absorp- 
tion of  power. 

Radome  for  Experimental  1-cm  Radar. — The  antenna  of  this  radar 
set  was  similar  to  that  of  the  GEI  scanner.  It  was  line-of-sight  stabilized, 
and  the  tilt  was  manual.  Its  beam  was  cosecant-squared,  the  pattern 
extending  from  — 12°  to  68°.  The  polarization  was  vertical. 

An  antenna  ray  diagram  similar  to  that  shown  in  Fig.  9-19  was  drawn 
up.  This  assumed,  for  convenience  only,  that  the  treatment  of  geo- 
metrical optics  could  be  used.  The  surface  of  the  radome  was  then 
shaped  so  as  to  avoid  angles  of  incidences  greater  than  70°.  In  the  final 
design  the  electrical  area  Avas  largely  confined  to  the  bottom  of  the 
radome.  A  nearly  flat-bottomed,  streamlined  radome  was  then  manu- 
factured. It  Avas  73  in.  long  and  40  in.  Avide  and  extended  15  in.  below 
the  keel  line. 

As  stated  in  Sec.  11-9,  it  is  difficult  to  use  the  conventional  Fiberglas 
sandwich  in  a  1-cm  band  streamlined  radome.  Consequently,  a  first- 
order  sandwich  having  a  core  of  molded  polystyrene  fiber  (Dow  Q-107 
Polyfibre:  dielectric  constant,  2.2;  density,  0.85  g/cc)  and  skins  of  one 
layer  each  of  Owens-Corning  KCC-11-128  Fiberglas  impregnated  Avith 
polystyrene  lacquer  (e'/eo  =  3.5  to  3.7).  The  skins  were  first  dried  and 
then  fused  to  the  core.  A  nitrocellulose  paint  AVUS  used  on  the  surfaces 
to  protect  them  from  spilt  aircraft  fuel. 

The  over-all  thickness  Avas  0.173  in.  +  0.010  in.  This  value  was 
selected  for  the  best  average  transmission  for  angles  of  incidence  up  to 
70°  at  perpendicular  polarization.  When  the  antenna  looked  through  the 
sides  of  the  radome,  the  polarization  Avas  perpendicular  and  the  angles 
of  incidence  were  large.  Transmission  through  the  bottom  of  the  dome 
was  largely  at  parallel  polarization  and  Avas  uniformly  excellent.  At 
normal  incidence  the  reflection  loss  Avas  a  little  under  10  per  cent  and  the 
absorption  loss  was  a  fraction  of  1  per  cent.  At  60°  the  reflection  loss 
was  zero,  increasing  to  10  per  cent  again  at  70°. 

This  radome  design  Avas  also  tested  with  horizontal  polarization.  In 
this  case,  the  Avave  incident  on  the  bottom  of  the  radome  was  perpendicu- 
larly polarized.  Transmission  Avas  not  more  than  ^  db  down,  since  the 
wall  thickness  had  been  chosen  for  that  polarization. 

In  a  flight  test  at  425  mph  no  change  in  stability  or  evidence  of  vibra- 
tion or  buffeting  was  detected.  No  deflection  of  the  radome  greater 
than  i  in.  could  be  measured.  The  radar  performance  was  excellent. 
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Future  l-cm  Band  Designs. — In  designing  sandwiches  for  the  1-cm 
band  it  was  concluded  that  a  first-order  thin-skinned  Fiberglas-rubber 
foam  sandwich  for  first-order  spacing  was  not  stiff  enough  and  strong 
enough  for  medium  and  large  radomes.  Such  a  design,  however,  was 
used  for  an  experimental  1-cm  version  of  the  AN/APS-6  radome  and 
proved  adequate  for  both  the  1-  and  3-cm  bands. 

The  aerodynamic  loadings  for  these  radomes  were  smaller  than  are  to 
be  expected  in  high-speed  planes  of  the  future.  Nothing  thinner  than  a 
third-  or  fourth-order  sandwich  of  this  material  is  likely  to  be  mechani- 
cally suitable  for  many  future  designs.  Such  a  construction  is  not  likely 
to  be  adequate  electrically  because  the  transmission  for  a  third-order 
sandwich  at  angles  of  incidence  above  45°  is  poor  for  perpendicular 
polarization.  The  constant  reflection  contours  become  steeper  with 
increasing  order  of  spacing,  as  shown  in  Sec.  11-8.  For  a  sandwich, 
furthermore,  the  dimensions  for  zero  reflection  are  not  the  same  for  per- 
pendicular and  parallel  polarization  except  at  normal  incidence,  and  the 
difference  becomes  greater  with  increasing  order  of  spacing.  As  a  result, 
a  design  that  is  satisfactory  for  incidence  at  perpendicular  polarization 
may  be  unsatisfactory  for  parallel  polarization. 

Design  for  the  1-cm  band  is  further  complicated  by  the  high  angles  of 
incidence,  which  extend  even  to  85°.  This  results  from  the  limitations  on 
propagation  in  the  1-cm  wavelength  band,  which  will  necessitate  large 
reflectors  when  long  range  is  required.  Most  of  the  large  antenna  will 
then  have  to  be  retracted  within  the  airplane.  Where  ground  coverage 
and  a  larger  sector  of  scan  than  can  be  obtained  from  the  nose  is  required, 
the  antenna  will  have  to  be  in  the  bottom  of  the  fuselage  and  radiation 
will  strike  the  surface  of  the  radome  at  grazing  incidence. 

New  solutions  must  be  sought.  It  is  shown  in  Chap.  11  that  it  is 
advantageous  to  plan  for  predominantly  parallel  polarization  whenever 
possible.  If  this  can  be  done,  the  radome  wall  can  be  a  second-order 
sandwich  with  modified  half-wavelength  skins.  Such  a  scheme  is  dis- 
cussed in  Sec.  11-9,  where  an  example  is  given  of  a  second-order  sandwich 
with  half- wavelength  skins  for  the  1-cm  band,  in  which  as  =  3.7  and 
ac  =  1.4.  Theoretical  considerations  and  experimental  work  have 
indicated  that  such  a  design  would  be  practical  with  low-loss  material. 
It  could  possess  adequate  strength  and  stiffness  together  with  good 
transmission  characteristics  and  might  be  used  at  perpendicular  polariza- 
tion if  necessary. 

14-6.  Examples  of  Shipborne  Radomes. — An  example  of  a  medium- 
sized  normal-incidence  sandwich  radome  is  the  one  built  for  an  antenna 
that  is  a  cut  paraboloid  higher  than  it  is  wide  and  uses  line-of-sight 
stabilization  and  AFC.  The  radome  was  30  in.  in  diameter  and  44  in. 
high.  It  was  required  to  withstand  the  blast  of  5-in.  38-caliber  guns. 
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Figure  14-8  shows  how  two  radomes  were  tested  simultaneously. 
The  radomes  were  mounted  on  portable  platforms  that  were  advanced 
toward  the  muzzle  of  a  5-in.  38-caliber  gun  along  two  radial  lines  progres- 
sively after  each  shot  until  damage  occurred.  Measurements  of  the  blast 
pressure  were  made  with  a  Williams  blast  gauge.  The  pressures  at 
Positions  2,  5,  and  6  were  roughly  7,  15,  and  20  lb/in.2,  respectively. 
The  radomes  were  required  to  remain  intact  in  Position  5. 

Polystyrene  solvent-fiber  radomes  proved  adequate  in  the  blast  tests 
but  distorted  badly  in  service  under  the  heat  of  the  sun.  Examination 
of  samples  showed  that  the  solvent  in  the  fibers  had  been  insufficiently 
dried  and  that  further  solvent  had  been  added  in  order  to  attach  the  outer 
Fiberglas  skin.  In  view  of  the  uncertain  quality  of  these  radomes  a  new 


5^38  calibre  mount 
approximately  zero  elevation 

Fra.    14-8. — Test   of  radomcs  for   icsistance    Lo   gun   blast.     Successive   positions   of   the 

radorne  are  indicated. 

design  was  substituted.  This  was  a  sandwich  made  of  Fiberglas  and 
cellular  hard  rubber.  The  dielectric  constants  of  the  skin  and  core  were 
3.5  and  1.2,  respectively.  The  resin  content  of  the  skins  was  low.  The 
design  specification  called  for  a  total  wall  thickness  of  0.316  in.  +  0.032 
in.  for  areas  in  excess  of  3  in.  in  diameter.  Combinations  of  ECC-1 1-162 
and  KCC-1 1-128  Fiberglas  cloth  falling  within  a  thickness  of  0.042  in. 
±  0.004  in.  were  permitted  for  the  skins.  Bakelite  resin  BRS  166cjl  was 
used  to  laminate  the  Fiberglas.  Urea,  resorcinol,  melamine,  phenolic, 
and  other  resins  of  higher  dielectric  constant  were  proposed  for  the  skins. 
They  were  not  used  because  larger  variations  are  permissible  in  the  spac- 
ing of  the  core  in  manufacturing  if  the  reflection  coefficient  of  the  skins, 
or  faces,  of  the  sandwich  is  small.  A  cellular  GR-A  hard  rubber  board 
having  a  density  of  8  lb/ft3  was  specified  for  the  core. 

It  was  necessary  to  show  that  the  new  sandwich  of  cellular  hard  rubber 
and  Fiberglas  was  thermally  stable.  A  radome  of  this  construction  was 
brought  to  167°F  at  90  per  cent  relative  humidity  in  an  oven.  Over  a 
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period  of  55  min  the  temperature  was  slowly  raised  to  185°F.  As 
expected,  no  dimensional  change  or  obvious  softening  could  be  detected. 
Early  models  were  manufactured  by  the  assembly  and  gluing  of 
separate  premolded  skins  and  core.  This  technique  introduced  an  addi- 
tional skin  thickness  of  lossy  adhesive,  resulting  in  transmission  values 
as  low  as  80  per  cent  of  the  incident  power  (see  Sec.  10-7).  After  an  early 
version  of  the  wet  luy-up  molding  process  was  introduced,  production 
radomes  gave  zero  reflection  and  90  to  94  per  cent  for  the  value  of  the 
power  transmission.  An  ocean-gray  naval  paint  (Bureau  Ships  Spec. 
52P46)  was  used.  The  use  of  paints  containing  no  free  metal  was  found 
to  result  in  negligibly  small  losses  in  transmission. 


FIG.  14-9.— Top  of  radome  for  LST.     (Courtesy  of  U  S  Plywood  Corporation.} 

Radome  for  LST  Installations. — This  is  an  example  of  a  very  large 
sandwich  radome  for  shipboard  use.  A  radome  26  ft  in  diameter  was 
required  for  installation  of  a  10-cm  radar  on  LST's.  No  gun-blast 
requirement  was  specified,  but  it  had  to  withstand  a  1 10-mph  wind. 

The  shape  of  the  design  arrived  at  was  a  cylinder  with  a  diameter  of 
26  ft  and  height  of  15  ft,  capped  with  a  dome  7  ft  high  and  a  ventilator. 
The  dome  and  cylinder  were  separate  sections.  The  dome  is  shown  in 
Fig.  14-9.  It  was  divided  into  12  pieces  of  30°  each.  Sections  were 
butt-jointed,  and  the  joints  secured  with  cover  plates  of  Fiberglas  i  in. 
thick.  The  wall  section  was  a  first-order  normal-incidence  sandwich  for 
the  10-cm  band,  with  sandwich  skins  of  ECC-1 1-164  Fiberglas  cloth 
0.060  in.  thick  laminated  with  Bakelite  resin  BRS  16631  and  a  core  of 
cellular  Hycar  GR-A  hard  rubber  board  having  density  of  12  lb/ft3. 

At  the  butt  joint  the  core  was  strengthened  with  hardwood.  NarroAV 
vertical  stiffeners  of  hardwood  (c/€0  =  2.0)  1  in.  (X/4)  wide  and  1.17  in. 
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(0.4X)  deep,  arranged  at  random  but  not  more  than  20  in.  apart,  were  also 
used  to  strengthen  the  core.  They  were  put  between  the  skins,  replacing 
some  of  the  core  material.  These  compromised  the  electrical  design  for 
necessary  structural  reasons;  but  if  the  core  material  needed  had  been 
available,  a  second-order  sandwich  for  the  10-cm  wavelength  could  havo 
been  used  without  the  stiffeners.  Rubber  cement  was  used  for  assembly 
of  the  sandwich.  Reinforcement  was  augmented  by  the  use  of  three 
horizontal  laminated  wooden  rings,  two  located  below  the  scanning  area 
and  one  above  at  the  juncture  of  the  dome  with  the  cylinder.  A  system 
of  cables  reinforced  the  dome  and  the  upper  end  of  the  cylinder. 

ELECTRICAL  AND  MECHANICAL  TESTS 

14-7.  Equipment  for  Electrical  Test. — Laboratory  tests  of  radomes,  as 
contrasted  to  actual  or  simulated  flight  tests,  serve  to  locate  particular 
sources  of  trouble.  It  has  been  found  that  such  tests  give  results  in  good 
agreement  with  system  tests  whenever  comparison  is  possible. 

Laboratory  tests  must  be  designed  to  uncover  defects  in  design  or 
manufacture  that  would  result  in  faults  such  as  the  following: 

1.  General  reduction  in  range. 

2.  The  complete  disappearance  of  signals  from  ecu-tain  sectors. 

3.  The  shifting  in  apparent  bearing  of  echoes. 

4.  Increased  ground  return  to  airborne  radar  systems  intended  for 
detecting  other  airplanes. 

5.  Creation  of  spurious  signals. 

6.  Fluctuating  signal  strength. 

7.  Interference  rings  on  the  scope. 

In  a  laboratory  the  cause  of  these  harmful  effects  can  be  determined. 

A  general  reduction  in  range  may  be  attributed  to  fairly  uniform  loss 
from  absorption  and  reflection  over  the  area  of  the  radome.  In  an  early 
installation  some  reduction  resulted  because  the  magnetron  was  loosely 
coupled  in  an  effort  to  isolate  it  from  changes  in  the  impedance  that 
resulted  from  varying  reflections  from  the  radome. 

The  effects  of  pulling  can  be  predicted  from  the  measurement  of  the 
changes  in  the  phase  and  magnitude  of  the  standing  waves  in  the  trans- 
mission line  as  the  antenna  scans  if  the  properties  of  the  magnetron  are 
well  enough  known  to  permit  computation  of  the  pulling.  Complete 
disappearance  of  some  signals  may  be  caused. 

The  shift  of  the  apparent  bearing  of  certain  echoes  is  discussed 
briefly  in  Sec.  9-2. 

Reflection  has  resulted  in  both  excessive  ground  return  arid  spurious 
signals.  The  former  is  illustrated  by  the  SCR-720  radar  in  the  P-b'l 
radar  nose  discussed  in  Sec.  9-2.  Spurious  signals  resulting  from  power- 
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ful  side  lobes  have  been  reported  from  targets  not  actually  in  the  line  of 
sight  of  the  antenna.  These  are  caused  by  obstacles  in  the  path  of  the 
beam  near  the  antenna  and  by  high  reflections  from  a  radome  wall  redi- 
rected as  a  side  lobe. 

Fluctuating  signal  strength  has  been  common  in  the  pattern  both  of 
the  antenna  alone  and  of  the  antenna  with  the  radome.  Under  opera- 
tional conditions  this  results  in  complete  or  partial  neglect  of  targets  fall- 
ing within  the  holes  of  lowered  signal  strength.  This  effect  can  readily 
be  predicted  in  laboratory  tests  of  the  pattern  of  the  antenna  and  of  the 
antenna  and  radome  combined. 

Variations  have  been  caused  by  ribs  and  by  the  interference  of  redi- 
rected power  with  the  main  beam.  A  strong  side  lobe  inherent  in  the 
design  of  a  particular  antenna  or  created  by  a  rib,  joint,  or  similar  obstacle 
in  a  radome  or  near-by  structure  can  result  in  interference  with  the  main 
lobe  through  diffraction  and  redirection  of  the  diffracted  power  by  reflec- 
tion from  near-by  structures  such  as  the  skin  of  an  airplane.  Such  a  lobe 
not  attributable  to  the  radome,  resulted  in  pronounced  interference  rings 
and  was  observed  on  the  scope  in  an  early  design  of  the  AN/ APS- 10. 
The  photograph  shown  in  Fig.  9-17  illustrates  the  interference  caused  by 
reflection  of  a  portion  of  the  main  lobe  of  the  AN/APQ-13  60-in.  antenna 
installed  under  the  B-29.  It  was  produced  by  tilting  the  antenna  upward 
while  flying  at  20,000  ft.  Diffracted  power  may  reinforce  interfering  side 
lobes,  so  that  interference  can  be  caused  by  both  the  antenna  and  the 
radome. 

Testing  of  the  radomes  of  aircraft  installations  has  been  conducted  as 
part  of  flight  tests  of  the  entire  system.  Unfortunately,  it  has  not  been 
possible  to  conduct  such  tests  without  the  radome  in  order  to  isolate 
effects  attributable  to  it  and  thus  obtain  a  significant  standard  of  per- 
formance. When  testing  of  airborne  radar  sets  is  done  on  the  ground, 
the  antenna  is  inverted  to  look  upward.  In  this  latter  method,  either  the 
radar  system  or  its  antenna  without  the  system,  but  with  special  test 
equipment  to  feed  it,  has  been  used.  The  latter  combination  has  been 
favored,  as  it  has  proved  not  only  more  convenient  and  adaptable  for 
making  a  series  of  varied  tests  but  necessary  for  more  exact  diagnosis. 

The  effect  of  the  radome  on  range  can  only  be  inferred,  as  a  flight  test 
cannot  be  made  without  a  radome.  Even  if  such  tests  could  be  made,  a 
most  elaborate  target  would  be  necessary  if  one  were  to  try  to  draw  con- 
clusions as  detailed  as  can  be  drawn  from  laboratory  tests  on  the  ground. 
Little  could  be  learned  about  the  causes  of  pulling  by  a  flight  test. 
Measurement  of  angular  shift  caused  by  the  radome  would  demand  very 
accurate  navigation  of  an  airplane  flying  over  familiar  and  clearly  detailed 
territory.  This  same  sort  of  terrain  would  have  to  be  flown  over  for  inves- 
tigation of  variation  in  signal  strength.  The  causes  of  excessive  return 
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from  the  ground  are  hard  to  find  ^extended  tests  of  the  SCR-720  radar  in 
the  P-61  airplane  failed  to  give  enough  information  to  disclose  them. 
Differences  among  radomes  are  masked  by  the  difference  in  the  perform- 
ance of  the  same  system  at  two  widely  separate  times,  both  in  flight  tests 
and  in  ground  tests.  Laboratory  tests  are  valuable  because  the  separate 
harmful  effects  can  be  isolated;  they  do  not  have  to  be  examined  simul- 
taneously as  in  flight  tests. 

The  laboratory  test  for  reduction  in  range  is  simple  and  accurate.  It 
is  conducted  in  three  steps:  First  a  test  is  made  with  the  antenna  uncov- 
ered, then  with  the  radome  in  position  over  the  antenna,  and  finally  with 
the  antenna  again  uncovered,  to  make  sure  that  nothing  has  changed 
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FIG.  14-10. — Apparatus  for  transmission  tests. 

during  the  test.  Monitoring  controls  ensure  comparison  under  identical 
conditions. 

For  examination  of  the  radome  wall  in  detail,  an  antenna  that  is 
small  compared  with  the  system  antenna  is  placed  within  the  radome  in 
such  a  manner  as  to  simulate  various  portions  of  the  actual  antenna  in  a 
series  of  its  scanning  positions.  The  system  antenna  is  used  when  it  is 
desired  to  determine  the  average  transmission  of  the  nose  of  the  beam 
through  a  larger  area.  A  pattern  measurement  also  gives  information 
about  transmission.  Usually,  however,  pattern  tests  have  not  been  so 
accurate  as  transmission  tests. 

Either  the  antenna  in  the  radome  or  a  second  external  antenna  may  be 
the  transmitting  antenna  in  a  test.  It  is  preferable  to  use  the  antenna  in 
the  radome  for  receiving,  in  order  to  avoid  indirect  effects  of  the  radome 
on  the  transmitting  tube.  Figure  14-10  gives  a  block  diagram  of  the 
apparatus.  The  effects  of  interactions  between  dishes  and  between  dishes 
and  adjacent  objects  can  be  allowed  for  by  making  quarter-wavelength 
shifts  as  indicated. 

Figure  14-11  shows  how  a  small  antenna  can  be  used  to  simulate  a 
larger  antenna  with  a  cosecant-squared  pattern  for  examining  small  por- 
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tions  of  the  radome.     Due  consideration  must  be  given  to  the  ray  dia- 
gram of  the  antenna  that  is  being  simulated. 

The  obliteration  of  targets  and  the  angular  shift  resulting  from  fre- 
quency pulling  are  investigated  with  standing-wave  measurements  made 
with  the  transmitting  antenna  located  in  the  radome.  With  a  small 
antenna  the  reflecting  area  can  be  gone  over  in  detail.  Pulling  tests  may 
also  be  made  with  the  system  at  a  ground  test  station.  The  setting  of  the 


FIG.   14-11. — Use  of  a  small  antflniia  for  the  analysis  of  the  interaction  of  antenna  and 
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FIG.  14-12. — Apparatus  for  reflection  tests. 

local  oscillator  for  maximum  signal  is  read  against  azimuth  with  and  with- 
out the  radome.  As  the  frequency  shift  per  angular  unit  of  dial  setting 
has  been  previously  determined  by  calibration,  the  shift  of  frequency 
in  megacycles  per  second  as  a  function  of  azimuth  may  be  obtained. 
An  arrangement  of  laboratory  apparatus  for  making  measurements 
of  reflection  is  shown  in  Fig.  14-12.  The  reflection  coefficient  of  the 
radome  in  any  position  is  derived  as  an  arithmetic  mean  of  reflection 
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coefficients  computed  from  two  standing-wave  ratios  measured  at  each 
angular  position  of  the  radome.  The  distance  between  the  radome  and 
antenna  differs  by  -J-X  in  the  two  measurements. 

Pattern  measurements  are  best  made  with  the  aid  of  a  mockup  that 
simulates  the  actual  installation  and  surrounding  structure  of  the  air- 
craft. Separate  measurements  are  made  with  and  without  the  radome. 
A  study  of  the  patterns  obtained  and  correlation  of  them  with  the  geome- 
try of  test  conditions  will  disclose  distortions  caused  by  obstacles  such 
as  ribs,  by  focusing  in  the  reflecting  spherical  sections  of  radomes,  by 
fluctuations  along  the  line  of  uniform  illumination  in  cosecant-squared 
patterns,  by  interference,  and  by  excessive  ground  return. 
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Flo.  14-14.  -  Mor.kup  of  aircraft  installation  for  touting  antenna  pattern. 

In  Fig.  14-13  is  shown  a  block  diagram  of  an  apparatus  for  making 
pattern  measurements.  The  antenna  of  the  radar  system  is  placed  in  the 
radome  and  used  only  for  receiving.  The  transmitting  antenna  is  placed 
at  a  distance  at  least  Dz/\  away,  where  D  is  the  largest  aperture  of  the 
antenna  and  X  is  the  free  space  wavelength,  so  that  a  substantially  plane 
wavefront  arrives  at  the  receiving  antenna.  The  procedure  is  first  to 
record  the  antenna  pattern  and  the  monitor  level.  This  is  followed  by 
installation  of  the  radome  and  repetition"  of  the  test.  A  complete  test 
covers  both  horizontal  and  vertical  patterns  for  representative  positions 
of  the  antenna. 

Figure  14-14  shows  schematically  the  test  mockup  of  a  typical  air- 
craft installation.  The  structure  was  of  wood  covered  with  aluminum 
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sheet.  This  was  mounted  on  a  secondary  turntable  attached  to  the  main 
turntable.  The  antenna  was  mounted  on  a  third  turntable  attached  to 
the  mockup  structure.  United  States  Navy  30-in.  machine-gun  mount- 
ing rings  fitted  with  handbrakes  proved  most  useful  for  the  second  and 
third  turntables.  By  means  of  the  main  and  tertiary  azimuth  motions, 
patterns  could  be  taken  for  successive  positions  of  the  antenna  relative 
to  the  radome.  The  secondary  turntable  allowed  the  antenna  and  the 
drive  from  the  main  turntable  to  the  automatic  pattern  recorder  to  be 
aligned  without  disturbing  the  position  of  the  radome.  To  take  a  vertical 
pattern  the  main  platform  was  tilted  about  the  main  elevation  axis  for 
various  positions  of  the  radome  relative  to  the  antenna.  Azimuth  and 
elevation  patterns  could  also  be  taken  with  the  entire  assembly  above  the 
secondary  turntable  mounted  on  its  side  90°  from  the  previous  position; 
both  could  be  taken  either  horizontally  or  vertically,  the  choice  depending 
upon  the  location  of  adjacent  interfering  structure. 

The  development  of  this  test  equipment  was  based  partly  upon  the 
need  for  mechanization  of  the  tests  in  order  to  simplify  the  work  of  con- 
ducting them.  As  the  radar  program  progressed,  the  practical  need  for 
electrical  quality  in  radomes  compelled  the  testing  of  increasing  percent- 
ages of  production  runs.  By  the  end  of  the  war,  equipment  had  been 
developed  at  the  request  of  the  Air  Technical  Service  Command  for  test- 
ing the  transmission  of  every  radome  produced.  Test  data  were  taken 
by  an  Esterline- Angus  recording  milli ammeter  as  the  radome  was  moved 
automatically.  The  entire  test  required  not  more  than  20  min.  Inter- 
ference in  the  motions  of  the  turntable  and  trunnions  by  the  antenna  sup- 
ports necessitated  development  of  a  design  to  keep  the  antenna  aligned 
regardless  of  the  motions  of  the  radorne.  This  is  shown  in  Fig.  14-15. 
Transmission  of  mechanical  control  to  the  antenna  has  to  pass  along  the 
same  axis  as  the  torque  that  adjusts  the  position  of  the  radome  in  eleva- 
tion. This  is  accomplished  by  mounting  the  standard  horn  antenna 
shown  in  Fig.  14-15  on  an  axis  that  coincides  with  that  of  the  trunnions, 
from  which  the  supporting  radome  swings  in  elevation.  By  means  of  a 
chain  drive,  the  horn  is  held  in  a  fixed  position  in  space,  pointed  toward 
the  transmitting  antenna.  The  radome  can  be  moved  in  azimuth  or  ele- 
vation without  disturbing  the  antenna. 

Ordinary  mounts  for  antenna  pattern  tests  proved  too  weak  to  handle 
radomes  and  mockups.  In  addition,  their  angular  motions  were  in  steps 
too  large  to  disclose  slight  beam  deviations.  The  top  carriage1  of  a 
40-mm  Bofors  antiaircraft  gun  was  used  and  made  a  satisfactory  mount. 
A  servomechanism  was  used  to  drive  the  gun  carriage  in  coordination 
with  the  drive  of  the  recording  mechanism.  Photographs  of  the  radome 

1  Further  details  of  this  carriage  can  be  found  in  War  Department  Technical 
Manuals  9-252,  9-1252,  and  9-1643. 
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and  an  aircraft  mockup  mounted  on  the  modified  Bofors  carriage  are 
shown  in  Fig.  14-5. 


Radome 


Antenna 


Turntable 


FIG.  14-15. — Design  of  test  mount. 

14-8.  Procedure  in  Electrical  Test. — The  method  of  using  the  test 
equipment  that  was  described  in  the  preceding  section  will  be  illustrated 
by  description  of  the  tests  that  were  made  on  an  experimental  radome, 
shown  in  Fig.  14-16.  It  was  20  in.  deep,  35  in.  wide,  and  84  in.  long  and 
was  streamlined  back  over  the  doors  of  the  bomb  bay  to  converge  to  the 
keel  line  at  20°.  It  had  to  meet  difficult  aerodynamic  and  mechanical 
requirements.  The  forward  section  completely  enclosed  the  antenna;  it 
included  a  transverse  after  bulkhead  for  that  purpose.  The  tail  section 
consisted  of  two  fairings,  one  attached  to  each  door  of  the  bomb  bay  of 
the  airplane.  A  pair  of  metal  rods  supported  the  leading  edge  of  each  of 
the  fairings.  A  similar  pair  were  located  farther  aft.  The  radome  was 
attached  with  a  mounting  strip. 
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In  the  course  of  the  tests  it  was  discovered  that  the  pattern  was 
seriously  distorted  by  interference  with  the  main  beam  by  energy  dif- 
fracted by  the  following  obstacles  and  discontinuities:  (1)  the  intersection 
of  the  transverse  bulkhead  with  the  streamlined  portion,  (2)  the  thick- 
ened leading  edge  of  each  tail  fairing,  and  (3)  the  thickened  longitudinal 
edge  of  each  fairing  in  the  plane  at  which  the  fairing  joined. 

The  equipment  used  to  make  the  pattern  tests  was  that  shown  in  Fig. 
14-13.  The  mockup  of  the  radome  and  fuselage  was  arranged  as  in  Fig. 
14-14.  Some  of  the  elevation  patterns  taken  with  the  mockup  are  shown 
in  Fig.  14-17.  The  pattern  of  the  antenna  alone  is  given  in  a.  The  pat- 
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FIG.  14-16. — Experimental  radome. 

tern  at  —4°  tilt  and  180°  az,  with  the  antenna  mounted  in  position  on  the 
mockup  but  with  no  radome,  is  given  in  Fig.  14-176.  Interference 
between  the  mockup  and  the  top  of  the  reflector  disturbed  the  fan  beam 
at  angles  below  10°.  The  effect  of  addition  of  the  forward  section  of  the 
radome  is  shown  in  Fig.  14-17c.  The  gain  of  the  nose  of  the  beam  has 
been  reduced  1.2  db.  The  half-power  width  and  the  position  of  the  peak 
have  not  been  changed.  Fluctuations  of  7  to  10  db  in  intensity  and  3°  in 
width  have  appeared  near  the  20°,  25°,  and  30°  depression  angles,  with 
others  about  1.5°  wide  at  greater  angles.  Using  ray  optics  as  an  arbitrary 
guide  it  was  found  that  much  of  the  flared  portion  of  the  pattern  con- 
verged near  the  thickened  juncture  of  the  transverse  radome  bulkhead 
with  the  streamlined  portion  of  the  forward  section  of  the  radome.  The 
distortion  of  the  wavefront  was  interpreted  as  the  result  of  diffraction  at 
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the  edges  of  the  thick  part  and  a  change  of  phase  on  transmission  through 
it.  The  1.5°  holes  were  attributed  to  interference  by  diffracted  and 
reflected  power  returning  to  the  beam  after  reflection  from  the  fuselage. 
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(a)  Antenna  in  free  space;  radome  absent,      (ft)  Antenna  with  fuselage;  radome  absent. 


-"30-20-10     0     10    20    30    40    50    60    70~  -°30  -20  -10     0     10    20    30    40    50    60    70 

Elevation  angle  in  degrees  Elevation  angle  in  degrees 

(c)  Radome,  front  portion  only.  (d)   Radome  absent;  braces  present. 

FIQ.  14-17. — Elevation  patterns  of  experimental  antenna  under  varioua 

As  expected,  the  metal  braces  for  the  tail  fairing  had  almost  no  effect 
(see  Fig.  14-17d).  To  obtain  this  pattern,  the  forward  section  of  the 
radome  had  been  removed.  When  the  metal  braces  were  removed  and 
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the  tail  fairings  placed  in  position,  distortions  were  observed.  The  peak 
was  reduced  by  3.8  db,  and  its  position  was  directed  upward  3°.  The 
half-power  beamwidth  of  the  elevation  pattern  was  increased  from  6.5° 

o 


-30-20-10     0     10    20    30    40    50   60 

Elevation  angle  in  degrees 
(e)   Radome  absent;  fairing  pieces  in  place. 


0     10    20    30    40    50    60    70 
Elevation  angle  in  degrees 

Fairing  pieces  and  braces  in  place. 


~4-30-20-10     0     10    20    30    40    50  60    70    **-3'0-20-10     0     10    20    30    40    50    60    70 

Elevation  angle  in  degrees  Elevation  angle  in  degrees 

(0)    Complete  radome.  (ti)  Complete  radome  with  absorbing  screen, 

conditions.     In  all  cases  tilt  setting  is  —4°  and  azimuth  is  180°. 

to  10°.  Fluctuations  5°  wide  and  7  and  3  db  in  depth  appeared  at  15° 
and  25°,  respectively.  These  were  followed  at  greater  depression  angles 
by  jagged  serrations  l£°  wide.  The  latter  were  similar  in  appearance  to 
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the  one  caused  by  the  discontinuity  in  the  rear  of  the  forward  section  of 
the  radome.  They  were  thought  to  have  been  caused  in  the  same  man- 
ner, that  is,  by  diffraction  and  reflection  of  power  to  the  fuselage,  from 
which  it  was  then  reflected  into  the  flared  portion  of  the  beam.  The  dif- 
fracted power  and  some  of  the  reflected  power  seemed  to  have  come  from 
the  thickened  leading  edge  of  the  fairing  pieces.  Some  of  the  diffraction 
must  have  been  caused  by  the  thickening  at  the  longitudinal  split.  The 
balance  of  the  reflection  to  the  fuselage  was  from  the  sandwich  bottom 
of  the  fairings  at  perpendicular  polarization.  It  is  believed  that  the 
larger  holes  at  15°  and  25°  were  the  combined  result  of  poor  transmission 
through  the  thickened  dielectric  of  the  leading  edge  of  the  fairing  and 
diffraction  at  the  discontinuities  it  formed.  The  pattern  with  the  com- 
pletely assembled  radome  is  shown  in  Fig.  14-170.  After  an  absorbing 
covering  was  placed  over  the  fuselage  under  the  tail  fairings,  the  result 
was  as  shown  in  Fig.  14-17/t.  The  loss  in  gain  by  the  peak  was  not 
recovered,  being  accounted  for  by  poor  transmission  through  the  longi- 
tudinal thickening  and  the  sandwich  and  by  power  lost  in  the  absorbing 
coating.  As  a  result  of  the  nearly  complete  removal  of  the  fuselage  as  a 
cause  of  reflection,  most  of  the  serrations  that  wore  1^°  wide  were  removed, 
but  enormous  holes  at  15°  and  30°  remained.  Since  the  absorbing 
material  reflects  some  power,  which  varies  with  angle  of  incidence,  the 
resultant  pattern  did  not  represent  the  effect  of  the  radome  alone  without 
the  assistance  of  the  fuselage. 

The  thickened  parts  at  the  corners  and  edges  were  about  0.68  thick 
and  varied  from  0.4X  to  l.OX  wide.  If  a  loss  tangent  of  0.018  is  assumed, 
a  reflection  of  50  per  cent  in  amplitude  or  25  per  cent  in  power  could  be 
predicted  for  normal  incidence.  There  would  be  a  phase  difference  of 
nearly  0.34X  between  the  wavefront  emerging  from  the  sandwich  walls 
and  the  portion  passing  through  the  thick  parts.  Considerable  disturb- 
ance of  the  wavefront,  diffraction,  and  interference  by  power  reflected 
to  the  fuselage  could  therefore  be  predicted. 

To  meet  the  design  requirements  of  this  radome,  a  modified  half- 
wavelength  thickness  of  a  homogeneous  material  might  have  adequate 
strength  for  use  without  ribs,  stiff eners,  or  similar  sources  of  diffraction. 
The  weight  of  the  radome  would  be  increased,  however. 

AN/APQ-13  (60-z'n.)  Radome  and  Antenna. — The  following  is  an 
example  of  the  testing  of  a  radome  and  antenna  that  were  designed  with 
both  electrical  and  mechanical  requirements  in  mind,  as  described  in 
Sec.  14-5.  A  description  of  the  AN/APQ-13  (60-in.)  scanning  mechan- 
ism can  be  found  in  Sec.  6-11. 

The  antenna  was  installed  in  an  inverted  partial  mockup  of  a  B-29 
airplane.  The  ordinarily  lower  edge  of  the  antenna  projected  upward 
4  in.  above  the  surface  of  the  inverted  fuselage  mockup  when  it  was  in 
the  zero  azimuth  nnaitinn. 
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FTG.    14-18. — Elevation  patterns  of  60-in.   AN/APQ-13   antenna  mockup  under  various 

conditions1. 

Figure  14-18a,  b,  and  c  shows  three  patterns  of  the  AN/APQ-13 
(60-in.)  antenna.  To  record  Curve  a  the  antenna  was  placed  in  its 
—  6°  downward  tilt  position.  The  absolute  gain  proved  to  be  29.9  ±  0.2 
db;  the  half -power  width  in  elevation  was  7.0°.  The  fuselage  mockup 
had  no  effect  on  the  tilt  of  the  nose  of  the  beam. 
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To  record  Curve  6,  the  radome  was  added.  It  projected  8^  in.  from 
the  fuselage  at  its  lowest  point.  The  gain  dropped  0.7  db,  and  the  half- 
power  width  increased  1.0°.  A  broad  bump  at  60°  was  raised  a  little. 

For  c}  the  radome  was  removed  and  the  antenna  was  tilted  upward  to 
the  0°  tilt  position.  This  placed  a  nearly  4-in.  vertical  section  of  the  ray 
diagram  of  the  beam  within  the  hole  in  the  aircraft.  As  a  result,  the  nose 
of  the  beam  was  actually  tilted  to  —12°,  the  half-power  beamwidth 
increased  to  12°,  and  the  absolute  gain  reduced  to  24  ±  1  db.  The 
1-db  hole  7°  below  the  nose  of  the  beam  was  deepened  to  3^  db.  On  a 
PPI  this  would  be  represented  by  a  loss  of  maximum  range  on  the  zero 
azimuth  heading  and  a  dark  area  at  a  depression  angle  6  of  19°.  A  broad 
bump  at  60°  was  raised  (cf.  Figs.  9-16  and  9-17). 

14-9.  Structural  Test  Methods  and  Equipment. — Because  of  the 
unusual  shapes  of  radomes  the  structural  design  can  ordinarily  be  based 
only  on  a  rough  approximation  to  the  distribution  of  load  and  stress. 
Furthermore,  the  design  is  usually  based  on  data  taken  from  small 
samples  that  are  molded  under  ideal  conditions  and  may  be  much  better 
than  those  actually  present  in  the  radome  material.  The  strength  of 
the  material  in  the  radome  may  be  only  80  per  cent  or  less  of  that  of  the 
laboratory  control  panel.  In  order  to  check  the  structural  design  and 
the  quality  of  material  in  the  actual  radome  it  is  desirable  to  make 
loading  tests  on  a  full-sized  radome. 

An  attempt  is  made  to  approximate  the  loading  that  is  anticipated 
under  actual  flight  conditions.  This  loading  may  have  to  be  estimated 
but  is  preferably  the  result  of  tests  in  a  wind  tunnel  or  in  flight  (see  Fig. 
14-2).  The  reliability  of  the  results  of  the  test  naturally  depends  on  the 
degree  of  the  approximation  of  the  test  load. 

The  quantities  that  are  of  chief  interest  are  the  deflection  of  the 
radome  at  the  rated  load  (when  q  takes  on  its  maximum  value  for  anj' 
condition  of  flight)  and  the  maximum  load  that  the  structure  can  with- 
stand before  failure  occurs.  The  deflection  is  important  because  it 
indicates  the  stability  of  the  radome  as  a  structure  and  because  the 
allowed  clearance  for  the  motion  of  the  antenna  in  operation  is  based  on 
it.  The  maximum  applied  load  gives  the  factor  of  safety  (ratio  of  maxi- 
mum load  to  rated  load).  For  aircraft  structures  the  factor  of  safety 
should  be  the  smallest  that  does  not  jeopardize  the  safe  performance  of 
the  airplane. 

There  are  several  means  of  approximating  the  pressure  distribution, 
and  they  vary  in  their  demands  on  special  equipment  and  man  power. 
The  simplest  is  to  load  the  structure  or  radome  with  dead  weights,  usu- 
ally sand.  This  method,  while  involving  a  minimum  of  equipment  and 
man  power,  assumes  a  uniform  pressure  distribution  having  only  a 
vertical  component,  the  side  thrust  of  the  sand  being  negligible.  The 
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method  is  also  limited  in  that  only  one  type  of  pressure  can  be  applied 
at  a  time,  either  positive  or  negative  (inward  or  outward). 

A  second  method  is  shown  in  Fig.  14-19.  A  closer  degree  of  approxi- 
mation is  possible  with  this  testing  procedure  than  with  the  first.  The 
negative  pressure  is  obtained  from  an  internal  hydrostatic  pressure,  the 
water  being  restrained  by  an  oversized  rubber  bag;  the  positive  pressure 
is  obtained  from  loading  pads.  By  varying  the  number  of  loading  pads 


FIG.  14-19. — Structural  test  on  a  cylindrical  radome. 

and  their  loads,  any  degree  of  approximation  can  be  obtained.  The 
actual  pressure  distribution  could  be  more  nearly  approached  by  the 
addition  of  a  similar  set  of  loading  pads  mounted  directly  opposite  those 
shown  in  Fig.  14-19. 

This  method  has  the  advantage  of  requiring  very  little  special  equip- 
ment and  can  be  worked  by  one  person.  For  these  tests  the  positive  load 
is  measured  by  means  of  wire  strain  gauges  mounted  on  the  loading 
straps;  the  negative  pressure  is  indicated  directly  on  pressure  gauges. 

There  are,  however,  two  disadvantages  to  this  system.  One  is  that 
in  order  to  test  a  radome  to  failure  it  is  necessary  for  safety  to  use  either 
water  or  oil  to  obtain  the  internal  pressure;  the  pressure  distribution, 
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therefore,  will  not  be  as  indicated  on  the  pressure  gauge  but  will  increase 
linearly  with  height.  The  variation  in  pressure  per  foot  of  height  for 
water  is  0.44  lb/in.2  For  a  radome  that  is  40  in.  high  (cf.  Fig.  14-19), 
the  pressure  at  the  apex  is  1.4  lb/in.2  less  than  that  at  the  base.  When 
the  maximum  pressure  to  be  applied  is  small,  this  variation  of  pressure  is 
a  troublesome  complication. 

The  major  disadvantage,  however,  is  that  the  negative  loading  is 
obtained  by  internal  pressure  and  not  by  tension  on  the  outer  surface. 
For  a  homogeneous  material  this  distinction  is  of  little  significance,  but 
this  method  of  testing  will  not  disclose  the  tendency  of  a  sandwich  or 
laminate  to  come  apart. 

The  third  method  overcomes  these  objections.  In  this  procedure  the 
radome  is  completely  covered  by  loading  pads  similar  to  those  shown  in 
Fig.  14-19.  The  pads  can  be  used  to  apply  both  negative  and  positive 
pressures,  depending  upon  the  prevailing  load  for  the  area  in  question. 
The  more  numerous  and  the  smaller  the  loading  pads  the  more  nearly 
the  actual  distribution  of  pressure  can  be  approximated.  Limitation  on 
man  power  or  equipment  limits  the  smallest  practical  size  of  the  loading 
pad  to  about  6  to  8  in.2  In  most  cases  the  loading  is  done  manually, 
the  comprcssive  forces  being  obtained  by  hydraulic  jacks  and  the  tensile 
forces,  by  dead  weights  and  pulleys.  Fifteen  to  twenty  men  are  needed 
for  making  such  a  test  on  a  radome  of  average  size.  A  device  has  been 
developed  by  Lockheed  Aircraft  Company  of  Burbank,  Calif.,  in  which 
the  pulley  systems  are  replaced  by  special  hydraulic  jacks.  All  jacks,  for 
both  tension  and  compressive  loads,  are  then  controlled  by  a  system  of 
valves  operated  by  cams;  the  load  on  each  pad  is  thereby  increased  pro- 
portionally throughout  the  entire  test.  The  apparatus  requires  only  a 
single  operator  for  the  test  run.  The  equipment,  however,  is  expensive 
and  complicated. 

14-10.  Examples  of  Structural  Tests.  —  In  this  section  a.  few  typical 
tests  on  radomes  are  discussed. 

AN/APG-13  Radome.  —  It  was  desired  to  approximate  the  loading 
conditions  that  this  radome  would  have  when  mounted  in  the  nose  of  a 
B-29  airplane.  The  pressure  distribution  was  assumed  to  be  that  shown 
in  Fig.  14-20.  The  maximum  positive  pressure  was  estimated  to  be 
l.Ogo  where  go  =  ipV2,  and  the  maximum  negative  pressure  was  equal  to 


The  negative  pressure  equal  to  ig0  was  applied  by  means  of  internal 
pressure;  the  positive  pressure  was  obtained  by  means  of  a  hydraulic 
testing  machine.  The  load  of  the  testing  machine  was  applied  through 
a  heavy  wooden  block  hollowed  to  the  contour  of  the  dome  and  lined  with 
soft  sponge  rubber. 

The  failure  of  this  radome  occurred  at  a  load  equal  to  5g0  where  go 
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was  based  on  a  speed  of  300  mph.     The  test  setup  and  fractured  radomc 
are  shown  in  Fig.  14-21. 

AN/APQ-13  (60-sVi.)  Radome. — For  structural  tests  on  this  radome  it 
was  assumed  that  the  stress  was  uniformly  distributed.  The  actual 
distribution  was  more  nearly  as  shown  in  Fig.  14-22,  the  peak  pressure 
(negative)  being  about  0.5  lb/in.2  Deflection  readings  were  taken  at 
the  center  of  the  radome. 


(a)  "'Ao  (b)  q'/Q0 

Fio.    14-20. — Load   distribution  on   AN/APG-13   radome.      (a)   Probable   distribution  in 
flight;  (b)  probable  distribution  in  structural  test. 

Test  results  on  a  radome  whose  mounting  edge  was  reinforced  with 
cotton  duck  were  as  follows: 

Deflection : 

At  -j  lb/in.2  pressure 0 . 20  in. 

At  5$  lb/in.2  pressure 0 . 75  in. 

Maximum  applied  internal  pressure 9  lb/in.2 

Failure  was  due  to  the  shearing  of  several  of  the  mounting  bolts  at 
9  lb/in.2 

A  similar  radome  with  a  plywood  reinforcement  in  place  of  the  cotton 
duck  showed  similar  loading  characteristics  except  that  failure  in  the 
mounting  ring  of  the  radome  occurred  at  7£  lb/in.2  caused  by  shearing  of 
the  bolt  holes.  Both  radomes,  however,  had  ample  stiffness  and  strength. 

Structural  Test  of  Beacon  Housings. — Airborne  beacon  housings  are 
generally  small  streamlined  cylinders.  Some  of  them  are  mounted  on 
fighter  planes,  which  often  sideslip  in  the  course  of  intricate  maneuvers 
and  cause  high  side  thrusts  on  the  radome.  This  side  thrust  considerably 
exceeds  the  thrust  that  is  due  to  forward  motion,  since  both  the  projected 
area  and  the  drag  coefficient  are  higher  broadside.  The  bending  strength 
is  also  weaker  in  that  direction.  The  beacon  housing  is  therefore  tested 
for  sidewise  strength  and  stiffness. 
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FIG.  14-21.— Structural  test  on  AN/APG-13  radome. 

Test  on  a  IQ-cm  Beacon  Housing.— This  housing  was  molded  of  a 
Fiberglas  laminate  £  in.  thick.  It  was  12  in.  high,  7£  in.  long,  and  2£  in. 
wide,  the  slenderncss  ratio  being  3.  The  housing  was  mounted  on  a  cast- 
aluminum  basr  so  that  the  unsupported  height  \vas  11  in. 
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The  distributed  load  was  obtained  by  distributing  a  concentrated  load 
through  a  system  of  yokes  as  shown  in  Fig.  14-23.  The  yoke  bore  on 
metal  strips,  1  by  t  by  12  in.,  which  in  turn  rested  on  a  cushion  of  soft 

Keel  line 


FIG.  14-22. — Distribution  of  air  pressure  on  AN/APQ-13  60-in.  radome. 

rubber  sponge.     The  deflection  at  the  tip  was  measured  by  means  of  an 
Ames  dial  gauge. 

The  test  results  were  as  follows: 

Deflection  at  365  Ih     0 . 387  in. 

Maximum  load 430  Ib 

Maximum  bending  moment 2040  in.-lb 

The  dome  failed  by  buckling  on  the  compression  side. 

A  flat  plate  with  its  area  equal  to  that  of  the  lateral  projected  area  of 
the  radome  would  undergo  a  force  of  approximately  0.0015F2,  where  V 

Mounting  plate 


-  Brass  strips 
-  Streamlined  /  c  . . 

housing  Sponge  rubber  pad 

l''iu.  14-23.-  -Structural  loading  test  on  10-cm  beacon  housing. 

is  the  velocity  of  the  air  stream  in  miles  per  hour.  The  velocity  of  side- 
slip seldom  exceeds  half  the  forward  velocity.  In  order  to  cause  failure 
due  to  sideslip,  the  velocity  of  sideslip  would  have  to  be  about  500  mph. 
Since  this  velocity  is  in  the  order  of  magnitude  of  the  forward  velocity  of 
the  plane,  the  housing  has  a  factor  of  safety  of  2. 
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DESIGN  AND  TESTING  OF  HOUSING  FOR  BEACON  ANTENNAS 

14-11.  Electrical  Design  and  Testing  of  Beacon  Antennas. — The  elec- 
trical design  of  housings  for  beacon  antennas  has  been  a  matter  of  empiri- 
cal solution.  Little  difficulty  was  experienced  in  the  beginning.  At 
first,  antennas  for  the  10-cm  band  were  placed  in  cylindrical  dielectric 
tubes.  Later,  streamlined  shapes  were  used  but  did  not  distort  the 
azimuth  pattern  noticeably. 


-  Pressurizing  tube 


-Skin 


-  Cellular  core  material 


Cavity  for  beacon  array 


Section  A-A 


^Same  contour  as  one-half 
cross  section 

FIQ.  14-24. — Radonie  for  3-cm-band  beacon. 

Serious  difficulty  first  arose  when  an  attempt  was  made  to  enclose  the 
antenna  of  a  beacon  for  the  3-cm  wavelength  band  in  a  streamlined  hous- 
ing. The  antenna  was  a  horizontally  polarized  beacon  for  the  3-cm 
band,  consisting  of  two  slotted  six-element  linear  arrays  placed  on  the 
same  axis.  Several  housings  having  a  modified  half-wave  thickness  for 
low  reflection  over  a  wide  range  of  angles  of  incidence  distorted  the 
horizontal  pattern  seriously.  So  did  one  having  a  continually  varying 
modified  half-wave  thickness  intended  to  give  no  reflection  ut  any  point, 
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As  an  empirical  solution  it  was  decided  to  encase  the  antenna  in  a  stream- 
lined block  of  foam  plastic,  covering  the  exterior  with  a  very  thin  surface 
and  drilling  as  many  holes  in  the  block  as  the  strength  of  the  housing 
would  permit.  The  aim  was  to  reduce  the  amount  of  dielectric  in  the 
path  of  the  circular  wavefront,  particularly  in  the  streamline  tail  of  the 
radome.  This  proved  to  be  a  successful  solution. 

Figure  14-24  is  a  drawing  of  this  housing.     Bakelite  resin  BRS  16631 
was  specified  to  laminate  the  skin;  but  since  fireproofing  was  desirable, 


Max/mm  ratio 

No  housing  1.34 

With  housing  in  worst  orientation  1.80 

With  housing  in  best  orientation  1.46 

FIG.  14-25. — Pattern  of  radome  for  3-cm  beacon. 

it  was  planned  to  substitute  Monsanto  Styramic  HT,  poly  2,  5  dichloro- 
styrene  as  soon  as  molders  became  accustomed  to  its  use.  A  brief 
description  of  the  method  of  manufacture  follows.  It  proved  difficult  to 
use  a  cellular  core  material  having  a  dielectric  constant  greater  than  1.2. 
Sponge  Rubber  Products  5003P  Celltite  GR-A  hard  rubber  board  was 
selected  as  best  meeting  the  electrical  and  mechanical  requirements  and 
being  adaptable  to  the  chemistry  of  plastic  manufacture.  Vertical  holes 
as  shown  in  Fig.  14-24  were  drilled  in  the  cellular  block  parallel  to  its 
faces  and  to  the  beacon  antenna  that  was  inserted  in  one  hole. 

For  the  molding  process  to  follow,  these  holes  were  filled  with  wooden 
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dowels.  Three  layers  of  ECC-11-112  Fiberglas  were  then  molded  to 
the  surfaces  of  the  hard  rubber  by  the  single-cycle  molding  process.  The 
central  plastic  tube  immediately  enclosing  the  antenna  was  molded 
around  a  cellophane-covered  rod  in  two  steps.  One-half  the  final  neces- 
sary thickness  of  impregnated  fabric  was  molded  at  one  time.  The 
penetration  of  the  resin  of  the  second  layer  into  the  air  leaks  of  the  first 
layer  served  to  seal  it  effectively  for  pressurizing. 

The  outer  surface  of  the  tube  was  ground  to  make  it  round,  and  it 
was  then  inserted  in  the  streamlined  cellular  block  and  cemented.  The 
bottom  metal  base  was  cemented  to  the  cellular  block  and  to  the  Fiber- 
glas laminate  skin  overlapping  it,  as  follows.  The  metal  and  laminate 
surfaces  were  first  sized  with  a  rigidly  setting  GR-A  phenolic  cement  and 
then  procured,  after  which  the  metal  block  and  the  plastic  part  were 
cemented  together  by  a  cold-setting  resorcinol  adhesive. 

The  azimuth  patterns  of  the  antenna  and  radome  were  measured 
indoors  with  the  beacon  array  placed  vertically  and  surrounded  by 
absorbing  screens.  Elevation  patterns  were  taken  outdoors  as  for  other 
types  of  antennas  and  radomes.  A  pickup  was  used  to  determine  the 
field  strength  in  the  azimuth  or  #-plane.  Ideally,  a  constant  intensity 
would  be  found  at  all  angles.  The  patterns  actually  obtained  are  shown 
in  Fig.  14-25,  in  which  the  result  without  the  housing  is  shown  as  a  solid 
line;  it  varies  in  intensity  with  azimuth  and  has  a  ratio  of  maximum  to 
minimum  of  1.34.  The  housing  was  rotated  in  order  to  find  its  best  and 
worst  orientations  with  respect  to  the  pattern  of  the  antenna  alone. 
These  results  are  shown  as  a  broken  line  having  a  ratio  of  maximum  to 
minimum  of  1.80  for  the  worst  orientation  and  as  a  line  with  alternating 
dots  and  dashes  having  a  ratio  of  maximum  to  minimum  of  1.46  for  the 
best  orientation. 


APPENDIX  A 
FORMULAS  FOR  STABILIZATION  OF  SHIP  ANTENNAS 

BY  F.  E.  SWAIN 

The  developments  that  follow  are  taken  from  work  of  H.  M.  James 
and  represent  a  portion  of  his  comprehensive  study  of  antenna  stabiliza- 
tion and  associated  problems. 

A-l.  Deck -tilt  Correction;  Elevation  Order. — The  relations  for  deck- 
tilt  correction  and  antenna  elevation  order  will  be  developed  for  the 
general  problem  of  a  target  that  is  elevated  above  the  horizon.  From 
these  relations  can  be  obtained  the  expressions  that  are  applicable  to 
targets  on  the  horizon.  The  notation  used  is  as  follows: 

P  =  pitch  angle  of  the  plane  of  the  deck.  It  is  the  angle  between  the 
fore-and-aft  axis  of  the  ship  and  the  horizontal  as  measured  in  a 
vertical  plane.  P  will  here  be  taken  as  positive  when  the  bow 
is  down. 

R  =  roll  angle  of  the  plane  of  the  deck.  It  is  the  angle  of  rotation 
about  the  fore-and-aft  axis  in  its  pitched  position.  In  general, 
it  is  not  measured  in  a  vertical  plane.  R  will  here  be  taken  as 
positive  when  the  deck  is  down  on  the  port  side. 

a  =  relative  bearing  angle  of  the  radar  beam  (measured  clockwise  in 
a  horizontal  plane). 

a'  =  train  order  required  for  beam  (measured  clockwise  in  the  plane 
of  the  deck). 

0  =  true  elevation  angle  of  target  (measured  in  a  vertical  plane). 

$'  =  elevation  order  required  for  beam  (measured  in  a  plane  normal 
to  the  deck  and  passing  through  the  target). 

The  derivation  of  the  desired  expressions  may  be  attacked  by  a 
consideration  of  the  unit  sphere  shown  in  Fig.  A-l.  As  shown  on  the 
diagram,  GH  represents  a  horizontal  plane  passing  through  the  origin 
and  center  of  the  sphere  0,  while  JEKCF  represents  the  deck  plane  of 
the  ship,  which  also  passes  through  the  origin.  The  line  CE  is  the  fore- 
and-aft  axis  of  the  ship,  and  a  vertical  plane  through  this  axis  will  inter- 
sect the  unit  sphere  in  a  great  circle  of  which  the  arc  ABC  is  a  part.  The 
length  of  arc  BC,  which  extends  from  the  horizontal  plane  to  the  point  of 
intersection  of  the  fore-and-aft  axis  with  the  unit  sphere,  is  equal  to  the 
pitch  angle  P.  A  plane  normal  to  the  deck,  passing  through  the  origin  O 
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and  perpendicular  to  the  fore-and-aft  axis,  will  intersect  the  unit  sphere 
in  a  great  circle  of  which  the  arc  M WV  is  a  part.  The  length  of  the  arc 
WV,  which  extends  from  the  plane  of  the  deck  to  the  horizontal  plane,  is 
equal  to  the  roll  angle  R. 

The  arc  ATD  is  a  part  of  the  great  circle  formed  by  the  intersection  of 
the  unit  sphere  and  a  vertical  plane  passing  through  the  origin  0  and  the 
target  T.  The  length  of  the  arc  DT,  which  extends  from  the  horizontal 
plane  to  the  target  point  T,  is  equal  to  the  true  elevation  angle  0  of  the 


Horizontal 
plane 


FIG.  A-l. — Unit  sphere  showing  various  stabilization  angles. 

target  above  the  horizon.  The  length  of  the  arc  BD,  which  is  a  portion 
of  a  great  circle  in  the  horizontal  plane,  is  equal  to  the  relative  bearing 
angle  a  of  the  target.  A  plane  that  passes  through  points  0  and  T  and 
is  normal  to  the  deck  plane  will  intersect  the  unit  sphere  in  a  great  circle 
of  which  the  arc  MTF  is  a  part.  The  length  of  the  arc  FT,  which  extends 
from  the  deck  plane  to  the  target  point,  is  equal  to  the  elevation  order 
$'  of  the  target.  The  length  of  the  arc  CF,  which  is  a  portion  of  a  great 
circle  in  the  deck  plane,  is  equal  to  the  train  order  a.'  of  the  target. 

It  is  desired  to  determine  the  values  of  the  angles  a'  and  0'  in  terms  of 
the  given  angles  a,  0,  ft,  and  P.  The  relations  among  these  quantities 
can  be  determined  by  the  use  of  a  reference  vector  and  a  sequence  of  six 
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rotations  of  a  given  right-hand  rectangular  coordinate  system.  Let  the 
.c-axis  of  the  original  system  lie  along  the  line  of  sight  to  the  target  OT; 
the  i/-axis  in  the  same  vertical  plane,  intersecting  the  unit  sphere  in  a 
point  beyond  the  zenith;  and  the  z-axis  in  the  horizontal  plane.  Tho 
position  of  these  initial  axes  is  shown  in  Fig.  A-l.  For  convenience,  the 
intersection  of  the  —  z-axis  with  the  unit  sphere  has  been  shown,  rather 
than  that  of  the  z-axis,  since  the  latter  axis  intersects  the  rear  portion  of 
the  sphere.  The  fixed  reference  vector  is  taken  to  have  a  magnitude  of 
unity  and  is  assumed  to  lie  along  the  initial  z-axis  and  line  of  sight  OT. 
The  components  of  the  reference  vector  in  the  initial  coordinate  system 
are  thus 

*  =  u 

2/  =  0,  (A-l) 

z  =  0.  J 

Now  let  the  original  ^-coordinate  system  be  carried  into  a  second 
.r/?/z'-coordina,te  system  by  rotating  the  :r-  and  ?y-axes  about  the  z-axis 
through  .-in  angle  —  ft  until  the  a'-axis  lies  along  the  horizontal  line  OD 
and  the  i/'-axis  lies  along  the  vertical  line  OA.  The  components  of  the 
reference  vector  in  this  new  coordinate  system  arc 


(A-2) 


The  zVz'-coordinate  system  is  next  carried  into  the  x'VY'-coordi- 
nate  system  by  rotating  the  x'-  and  z'-axes  about  the  vertical  ^'-axis 
through  an  angle  a  until  the  z"-axis  lies  along  the  line  OB.  The  com- 
ponents of  the  reference  vector  in  the  second  coordinate  system  are 

x"  =  cos  13  cos  a,  \ 

y"  =  sin  ft,  J  (A-3) 

z"  =  cos  ft  sin  a.  ] 

The  third  rotation  of  the  coordinate  system,  carrying  the  #"-,  y"-, 
and.  z"-axes  into  the  x'"-,  y'"-,  and  2"'-axes,  involves  a  rotation1  about 
the  horizontal  z"-axis  through  the  angle  —  P  until  the  #'"-axis  lies  along 
the  line  OC  which  is  a  part  of  the  fore-and-aft  axis  of  the  ship.  The 
?/"-axis  will  then  be  perpendicular  to  the  fore-and-aft  axis  and  in  a 
vertical  plane.  Tho  components  of  the  reference  vector  in  this  new 
coordinate  system  are 

1  In  this  treatment  the  signs  of  the  angles  of  rotation  of  axes  are  taken  as  follows: 
A  positive  rotation  ahout  the  z-axis  is  one  that  moves  the  z-axis  most  directly  toward 
the  former  position  of  the  y-axis;  that  is,  it  turns  the  z-axis  into  the  t/-axis.  Positive 
rotation  about  z  turns  ?/  into  z;  positive*  rotation  about  y  iurns  z  into  x. 
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x'n  =  cos  ft  cos  a  cos  P  —  sin  ft  sin  P,  | 

y"'  =  cos  ft  cos  a  sin  P  +  sin  0  cos  P,  >  (A-4) 

z'"  =  cos  0  sin  a.  j 

The  fourth  rotation  of  the  coordinate  system  is  a  rotation  about  the 
fore-and-aft  z'"-axis  through  the  angle  —  R  from  the  z'"-axis  toward  the 
2/"'-axis.  The  components  of  the  reference  vector  in  this  new  coordinate 
system  are 

x*  =  cos  ft  cos  a  cos  P  —  sin  ft  sin  P, 
yiv  =  —  cos  ft  sin  a  sin  R 


+  (cos  ft  cos  a  sin  P  +  sin  0  cos  P)  cos  R, 
cos  ft  sin  a  cos  R 

+  (cos  0  cos  a  sin  P  -1-  sin  ft  cos  P)  sin  R. 


(A  -5) 


These  relations  give  the  components  of  the  reference  vector  in  a 
coordinate  system  fixed  in  the  ship,  the  ziv-  and  2iv-axes  lying  in  the  deck 
plane  with  the  ziv-axis  pointing  forward  along  the  fore-and-aft  axis  of 
the  ship.  The  ?/v-axis  is  directed  generally  upward,  normal  to  the  plane 
of  the  deck,  and  lies  along  the  line  OM  .  Thus,  all  of  the  known  angles 
a,  0,  P,  and  R  have  been  utilized. 

The  first  of  the  unknown  angles  a'  is  now  introduced.  The  xivi/iv2iv- 
coordinate  system  is  carried  into  the  xv2/vsv-system  by  rotating  the  former 
about  its  i/iv-axis  through  the  angle  —a'  from  the  xiv-axis  toward  the 
z^-axis1  until  the  zv-axis  lies  in  the  plane  that  is  normal  to  the  deck  and 
includes  the  reference  vector.  The  reference  vector  thus  lies  in  the 
xvyv-p\&ne  and  its  zv-component  is  zero.  The  components  of  the  reference 
vector  in  the  new  coordinate  system  become 

xv  =  xiv  cos  a.'  +  2*  sin  a/,          \ 

yv  =  2T,  }  (A-6) 

2V  =  ziv  cos  a'  -  xiv  sin  a!  =  0.  j 

Since  zv  =  0,  a!  can  be  determined  at  once  in  terms  of  the  known 
angles  a,  ft,  P,  and  R  from  the  third  of  Eqs.  (A-6), 

tan  a'  =  ^,  (A-7) 

or 

'  _  cos  ft  sin  a  cos  R  +  (cos_g  cos  a  sin  P  +  sin  ft  cos  P)  sin  R      .  .  ~ 
~  cos  ft  cos  a  cos  P  —  sin  ft  sin  P  ' 

As  the  final  step,  the  #v2/vzv-coordinate  system  is  rotated  about  the 
zv-axis  through  the  angle  ft'  until  the  #vi-axis  of  the  new  xvi2/vi2vi-system  lies 

1  It  should  be  noted  that  a  positive  bearing  angle  a',  corresponding  to  a  clockwise 
displacement  from  the  fore-and-aft  line  as  is  customary  on  shipboard,  is  a  negative 
angle  in  the  right-hand  coordinate  system  that  is  used  here. 
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along  the  original  reference  vector  and  the  ^"-component  of  the  vector  is 
zero.  The  components  of  the  reference  vector  in  this  coordinate  system 
are 

x  f  =  xv  cos  j8'  +  2/v  sin  ff  =  1,      \ 

yvi  =  _xv  gin  £/  +  y*  cos  0'  =  o,  I  (A-9) 

zvi  =  zv  =  0.  J 

From  the  second  of  Eqs.  (A-9)  we  have 


since  the  sum  of  squares  of  the  components  of  the  reference  vector  in 
any  system  must  be  equal  to  1.  From  Eq.  (A-10)  or  from  the  geometry 
of  the  system  (remembering  that  zv  =  0),  it  is  seen  that 

sin/9'  =  ?/,  (A-11) 

or 

sin  ff  =  (cos  ft  cos  a  sin  P  +  sin  ft  cos  P)  cos  ft 

—  cos  /3  sin  a  sin  R.     (A-  12) 

Equations  (A-8)  and  (A-  12),  then,  give  the  desired  expressions  for  the 
train  order  angle  a'  and  the  elevation  order  angle  ft'  for  a  target  elevated 
above  the  horizon  by  an  angle  ft  and  at  a  relative  bearing  angle  of  a  in 
terms  of  the  known  angles  a,  ft,  Rt  and  P. 

Since  the  angle  a'  is  measured  in  the  deck  plane  and  the  angle  ft'  is 
measured  in  a  plane  normal  to  the  deck  plane,  the  relations  given  in  Eqs. 
(A-8)  and  (A-  12)  can  be  used  to  compute  deck-tilt  correction  and  eleva- 
tion orders  required  for  one-axis  and  two-axis  pedestals.  The  one-axis 
pedestal,  which  has  a  train  axis  only,  does  not  require  the  computation  of 
any  elevation  orders  and  is  intended  for  use  with  surface  targets  only. 
The  deck-tilt  correction  for  this  type  of  mount  can  be  obtained  using 
Eq.  (A-8)  with  the  angle  ft  equal  to  zero.  For  this  condition  we  have 

,       sin  a  cos  R  +  cos  a  sin  P  sin  R  /A  _ox 

tana'  =  --------------  ^  -  (A-13) 

cos  a  cos  P 

An  expression  for  the  deck-tilt  correction  angle  (a1  —  a)  can  be 
obtained  by  using  Eq.  (A-13)  and  the  trigonometric  relation  for  the  tan- 
gent of  the  difference  of  two  angles 

/  /  _     \  _  _cos2  a  sin  R  sin  P  +  sin  a  cos  a  (cos  R_—  cosP) 
sin2  a  cos  R  +  sin  a.  cos  a  sin  R  sin  P  +  cos2  a  cos  P 

(A-  14) 

Equation  (A-  14)  represents  an  expression  for  the  deck-tilt  correction  angle 
(a'  —  a)  for  a  one-axis  mount  used  for  surface  targets  only. 
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The  train  order  angle  a  for  a  two-axis  mount  dealing  with  a  target 
at  an  elevation  angle  ft  above  the  horizon  is  given  directly  by  Eq.  (A-8). 
If  the  numerator  and  denominator  of  the  right-hand  member  of  the  equa- 
tion are  divided  by  cos  ft,  the  following  expression  results: 


,       sin  a  cos  R  +  (cos  a  sin  P  +  tan  8  cos  P)  sin  R 

tan  a    =   — -=, — - — : — =,- 

cos  a  cos  P  —  tar  ft  sin  P 


(A-15) 


The  elevation  order  angle  ft'  required  for  a  two-axis  mount  dealing 
with  surface  targets  only  can  be  obtained  from  Kq.   (A- 12)  by  setting 


Horizontal 
plane 


FIG.  A-2. — Unit  sphere  showing  relationship  between  a,  at',  P,  R,  L,  and  Z. 


angle  ft  equal  to  zero.     When  this  is  done,  we  obtain 

sin  ft'  =  cos  a  sin  P  cos  R  —  sin  a  sin  R. 


(A- 16) 


For  a  two-axis  pedestal,  where  the  center  of  the  antenna  beam  is  to 
be  elevated  to  a  target  above  the  horizon  by  an  angle  ft,  the  elevation 
order  ft'  can  be  obtained  from  Eq.  (A-12)  directly. 

A'2.  Level  and  Cross-level  Angles. — The  expressions  for  the  level 
and  cross-level  angles  in  terms  of  the  known  angles  of  roll  R,  pitch 
P,  and  relative  bearing  a  or  train  order  a',  can  be  derived  in  a  manner 
similar  to  that  used  previously  for  the  deck-tilt  correction  and  antenna 
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elevation  order  by  a  consideration  of  Fig.  A-2,  in  which  the  following 
additional  notation  is  used: 

L  =  level  angle  (measured  in  a  vertical  plane), 

Z  =  cross-level  angle  (measured  in  a  plane  normal  to  the  plane  of  the 
deck). 

Relations  Where  Train  Order  of  Is  Available. — The  right-hand  xyt- 
coordiriate  system  is  first  taken  so  that  the  x-  and  z-axes  lie  in  the  hori- 
zontal plane  with  the  z-axis  directed  forward  along  a  projection  of  the 
fore-and-aft  axis  of  the  ship.  The  y-axis  is  taken  to  be  vertical.  The 
unit  reference  vector  is  also  taken  to  be  vertical  and  the  components  of 
this  vector  in  the  initial  coordinate  system  are 


(A-17) 


If  the  original  coordinate  system  is  rotated  about  the  z-axis  through 
an  angle  —  P  from  the  y-axis  toward  the  r-axis,  the  reference  vector  will 
have  the  following  components  in  the  new  system: 

x'  =  -  sin  P,  } 

</'  =  coSP,  (A-18) 

zf  =  0.  J 

The  z'-axis  is  the  fore-and-aft  axis  of  the  ship,  and  the  y'-axis  is  directed 
upward,  normal  to  the  fore-and-aft  axis,  that  is,  in  the  vertical  plane. 

A  second  rotation  about  the  z'-axis  through  an  angle  —R  from  the 
z'-axis  toward  the  ?/'-axis  will  bring  the  z'-axis  to  z"  in  the  deck  plane. 
The  ?/"-axis  will  be  upward,  normal  to  the  deck.  The  components  for 
the  reference  vector  are 

x"  =  -  sin  P,        ) 

y"  =  cos  P  cos  ft,  [  (A- 19) 

z"  =  cos  P  sin  ft.  j 

The  x"-  and  z"-axes  now  lie  in  the  piano  of  the  deck.  A  third  rota- 
tion about  the  y"-axis  through  an  angle  —a!  from  the  j/'-axis  toward  the 
z"-axis  will  produce  the  following  components  for  the  reference  vector: 

x'"  =  cos  P  sin  ft  sin  a'  —  sin  P  cos  a',  \ 

y1"  =  cos  P  cos  ft,  >  (A-20) 

z"'  =  cos  P  sin  ft  cos  a!  +  sin  P  sin  a',  j 

The  desired  cross-level  angle  Z  is  now  the  rotation  about  the  z'"-axis, 
from  the  i/'"-axis  toward  the  z'"-axis,  that  will  bring  the  z'"i/"'-plane  into 
coincidence  with  a  vertical  plane  and  make  the  ziv-axis  horizontal;  thus 
the  ziv-component  of  the  reference  vector  vanishes.  This  rotation  about 
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the  z"'-axis  through  the  angle  Z  will  produce  the  following  components 
for  the  reference  vector: 

ziv  = 

(A-21) 


cos  P  sin  R  sin  a.'  —  sin  P  cos  a',  \ 
y'"  cos  Z  +  2"'  sin  Z,  \ 

*'"  cos  Z  -  y'"  sin  Z  =  0.  ) 


It  is  seen  that 

tan  Z  =  ^my  (A-22) 

or 

„  _  cos  P  sin  R  cos  a'  +  sin  P  sin  a'  /A 

tan  &  —  ~  ^~  •  *   -~yj 7  (A'^o) 

cos  P  cos  /t 

which  may  be  reduced  to 

tan  Z  =  tan  R  cos  a'  +  tan  P  sec  R  sin  a'.  (A -24) 

Finally,  a  rotation  of  the  coordinate  system  about  the  ziv-axis,  through 
the  level  angle  L  from  the  ziv-axis  toward  the  i/^-axis,  will  make  the 
ziv-axis  horizontal  and  the  xlv-component  of  the  reference  vector  equal  to 
zero.  The  reference  vector  will  have  the  following  components  in  the 
new  coordinate  system: 

xv  =  xiv  cos  L  +  yiv  sin  L  =  0,  \ 

yv  =  ifv  cos  L  —  x*v  sin  L  =  1,  >  (A-25) 

From  the  first  of  Eqs.  (A-25)  we  find 


tanL  =  -        =  -  [r-         j^,  (A-26) 

or 

sin  L  =  -ziv.  (A-27) 

Substituting  in  Eq.  (A-27)  we  have 

sin  L  =  sin  P  cos  ar  —  cos  P  sin  R  sin  a'.  (A-28) 

The  converse  of  Eqs.  (A-24)  and  (A-28),  giving  the  values  of  the  roll 
angle  R  and  the  pitch  angle  P  in  terms  of  the  level  angle  L,  the  cross-level 
angle  Z,  and  the  train  order  a',  can  also  be  obtained  by  reference  to  Fig. 
A-2.  The  initial  coordinate  system  is  chosen  so  that  the  x-  and  z-axes 
lie  in  the  horizontal  plane  with  the  z-axis  being  directed  along  the  line 
OD  from  0  to  D.  The  y-axis  and  reference  vector  are  taken  to  lie  along 
the  vertical  line  OA  with  the  positive  direction  being  from  0  toward  A  . 
Successive  rotations  of  the  coordinate  system  about  the  z-axis  through 
the  angle  —  L  from  the  t/-axis  toward  the  z-axis  and  about  the  a;  '-axis 
through  the  angle  —  Z  from  the  z'-axis  toward  the  ?/'-axis  will  bring  the 
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x"-  and  is"-axes  into  the  plane  of  the  deck.  A  third  rotation  about  the 
i/"-axis  through  the  angle  +a'  from  the  z"-axis  toward  the  z"-axis  will 
make  the  z"'-axis  lie  along  the  line  OC.  Expressions  for  the  angles  R 
and  P  can  now  be  obtained,  through  a  method  similar  to  that  used  to 
obtain  the  values  for  L  and  Z  in  the  preceding  derivation,  by  successive 
rotations  of  the  coordinate  system  through  the  R  and  P  angles.  By 
comparing  the  successive  transformations,  it  will  be  seen  that  the  expres- 
sions for  R  and  P  can  be  obtained  from  Eqs.  (A-24)  and  (A-28)  by  inter- 
changing P  and  L,  R  and  Z  and  substituting  —  a'  for  a1.  Making  these 
changes,  we  have 

tan  R  =  tan  Z  cos  a'  —  tan  L  sec  Z  sin  a',  (A  -29) 

and 

sin  P  =  sin  L  cos  a   +  cos  L  sin  Z  sin  a'.  (A-30) 

Relations  Where  Relative  Bearing  Angle  a  Is  Available.  —  The  xyz- 
coordinate  system  is  now  taken  so  that  the  x-  and  z-axes  lie  in  the  plane 
of  the  deck  with  the  z-axis  being  directed  forward  along  the  fore-and- 
aft  axis  of  the  ship,  which  is  the  line  OC  in  Fig.  A-2.  The  y-axis  is  normal 
to  the  plane  of  the  deck  and  lies  along  the  line  OM  .  The  2-axis  points  to 
the  starboard  beam.  The  reference  vector  is  also  taken  to  lie  along  the 
line  OM  so  that  the  components  of  this  vector  in  the  initial  coordinate 
system  are 

x  =  (},\ 

y  =  i,  }  (A-31) 

2   =   0.) 

The  coordinate  system  is  now  rotated  about  the  x-axis  through  the 
angle  R  from  the  y-axis  toward  the  z-axis.  In  this  new  system,  the  refer- 
ence vector  has  the  following  components: 


(A-32) 


A  second  rotation  about  the  z'-axis  through  the  angle  P  from  the 
z'-axis  toward  the  y'-axis  will  cause  the  reference  vector  to  have  the  fol- 
lowing components  in  the  new  system: 

x"  =  cos  R  sin  P,  \ 

y»  =  Cos  P  cos  R,  \  (A-33) 

z"  =  -  sin  R.       } 

A  third  rotation  about  the  vertical  y"-axis  through  the  angle  —a  from 
the  z"-axis  toward  the  z"-axis  will  produce  the  following  components  of 
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the  reference  vector: 


x'"  =  cos  R  sin  P  cos  a  —  sin  R  sin  a. 

y'"  =  cos  P  cos  R,  \  (A-34) 

z'"  =  —  cos  R  sin  P  sin  a  —  sin  R  cos  « 


.1 


The  #"'-axis  now  lies  along  the  line  OD,  and  the  ?/'"-axis  along  the 
line  OA. 

A  fourth  rotation  of  the  coordinate  system  about  the  horizontal 
z'"-axis  through  the  angle  —  L  from  the  i/'"-axis  toward  the  z'"-axis  will 
produce  the  following  components  in  the  new  system: 

z:v  =  x'"  cos  L  -  y"'  sin  L  =  0,  \ 

y-  =  y'"  cos  L  +  x'"  sin  L,  1  (A-35) 

zlv  =  z'".  ] 

From  the  first  of  Kqs.  (A-35)  we  obtain 

tan  L  =  —,  (A-36) 

y 

or 

T        cos  A!  sin  P  cos  a  —  sin  R  sin  a  ,  A  0_. 

tan  L  =       —          -~- Q-  -i  (A-37 

cos  P  cos  7? 

which  reduces  to 

tan  L  =  tan  P  cos  a  —  tan  R  sec  P  sin  a.  (A-38) 

From  the  geometry  of  the  figure,  we  see  that 

sin  Z  =  -  y  =  -  z'",  (A-39) 

or,  by  Eq.  (A-34) 

sin  Z  =  sin  R  cos  a  +  cos  7?  sin  P  sin  a.  (A -40) 

The  converse  of  Eqs.  (A-40)  and  (A-38),  giving  the  values  of  the  roll 
angle  R  and  the  pitch  angle  P  in  terms  of  the  level  angle  L,  cross-level 
angle  Zt  and  relative  bearing  angle  a,  can  be  determined  by  the  method 
outlined  in  the  previous  transformation.  The  desired  equations  can  be 
obtained  by  interchanging  P  and  L,  R  and  Z  and  substituting  —  a  for  a. 
When  these  substitutions  are  made,  the  following  relations  are  obtained : 

sin  R  =  sin  Z  cos  a  —  cos  Z  sin  L  sin  a,  (A-41) 

and 

tan  P  =  tan  L  cos  a  +  tan  Z  sec  L  sin  a.  (A -42) 


GLOSSARY 

Most  of  the  following  terms  occur  repeatedly  in  the  text  with  recondite 
meanings  or  with  meanings  that  they  have  only  recently  acquired.  The 
definitions  have  no  claim  to  completeness;  rather,  they  explain  only  the 
usages  peculiar  to  the  present  volume.  Terms  in  small  capital  letters  are 
defined  elsewhere  in  the  glossary. 

AFC. — See  AUTOMATIC  FREQUENCY  CONTROL. 

amplitude  reflection  coefficient. — The  ratio  of  the  amplitudes  of  the  electric  vectors 
in  PLANE  WAVES  reflected  from  a  plane  surface.  It  is  usually  a  complex  number 
that  expresses  relations  of  both  amplitude  and  phase. 

angle  of  incidence. — The  angle  between  a  ray  and  the  normal  to  a  surface  that  it 
intersects.  See  PLANE  OF  INCIDENCE. 

antenna. — A  unit  that  converts  guided  waves  into  free-space  waves,  or  vice  versa. 
It  often  includes  both  a  FEED  and  a  REFLECTOR. 

antenna  elevation. — (1)  (Three-axis  mount,  Type  1,  and  four-axis  mount,  Fig.  4-1.) 
The  angle  between  the  deck  and  the  LINE  OF  SIGHT,  measured  upward  from  the 
deck  in  the  vertical  plane  through  the  line  of  sight.  (2)  (Two-axis  mount,  Type  1, 
and  three-axis  mount,  Type  2.)  The  angle  between  the  deck  and  the  line  of 
sight,  measured  upward  from  the  deck  in  the  plane  perpendicular  to  the  deck 
through  the  line  of  sight. 

antenna  mount. — The  assembly  that  produces  a  scanning  BEAM  of  radiant  energy. 
It  includes  the  ANTENNA,  the  PEDESTAL,  and  any  other  radar  or  electronic  equip- 
ment located  on  the  antenna  or  pedestal.  The  term  "antenna  mount"  is  com- 
monly used  in  connection  with  SURFACE-BASED  radar,  and  the  term  SCANNER 
with  airborne  radar. 

antenna  train. — (1)  (Three-axis  mount  Types  1  and  4,  and  four-axis  mount,  Fig.  4-1.) 
The  angle  between  the  fore-and-aft  axis  of  own  ship  and  the  vertical  plane  through 
the  LINE  OF  SIGHT,  measured  in  the  deck  plane  clockwise  from  the  bow.  (2)  (One- 
axis  mount,  two-axis  mount  Type  1,  and  three-axis  mount  Type  2).  The  angle 
between  the  fore-and-aft  axis  of  own  ship  and  the  plane  through  the  line  of  sight 
perpendicular  to  the  deck,  measured  in  the  deck  plane  clockwise  from  the  bow. 

asymmetrical  sandwich  radome. — A  SANDWICH  RADOME  whose  two  skins  differ  in  thick- 
ness or  material. 

attack,  angle  of. — The  angle  between  the  horizontal  and  the  fore-and-aft  axis  of  the 
fuselage  or  fuselage  reference  line,  in-  an  airplane  flying  at  a  constant  altitude. 
It  is  positive  if  the  airplane  is  high  at  the  nose. 

automatic  frequency  control. — AFC.  A  device  providing  continuous  automatic 
adjustment  to  the  tuning  of  the  local  oscillator  of  a  radar  receiver  so  as  to  main- 
tain a  constant  beat  frequency  between  the  local  oscillator  and  the  transmitting 
tube. 

axis. — (1)  A  line  about  which  rotation  takes  place.     (2)  One  of  the  torque  tubew  of 

an  ANTENNA  MOUNT. 
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azimuth. — See  RELATIVE  AZIMUTH  ANGLE,  TRUE  AZIMUTH  ANGLE. 

azimuth  plane. — The  horizontal  plane. 

bank. — An  airplane  maneuver  in  which  one  wing  is  higher  than  the  other  and  the 
direction  of  flight  is  changing. 

base. — The  part  of  the  PEDESTAL  that  is  rigidly  fixed  to  the  ground  or  to  the  structure 
carrying  the  radar  system. 

beacon. — A  device  that  transmits  a  characteristic  pulsed  reply  signal  immediately 
upon  receiving  an  interrogating  pulse  from  a  radar  set. 

beam. — The  concentration  of  radiation  transmitted  by  a  directional  ANTENNA. 

beamwidth. — The  angular  separation  between  the  two  directions  to  the  right  and  left 
of  the  NOSE  of  the  BEAM,  at  which  the  GAIN  is  one-half  that  at  the  nose.  This  is 
the  beamwidth  in  AZIMUTH  or  in  the  horizontal  plane ;  beamwidth  is  also  measured 
in  ELEVATION  or  in  the  vertical  plane,  or  in  an  inclined  plane. 

bearing. — (1)  The  support  for  a  rotating  member.  (2)  See  RELATIVE  TARGET  BEARING 

and  TRUE  TARGET  BEARING. 

beavertail  beam. — A  FAN  BEAM  that  is  rather  wide  in  AZIMUTH  but  narrow  in  ele- 
vation. 

bolometer. — A  device  for  measuring  power.  It  consists  of  an  electrical  resistor  that 
becomes  heated  by  the  absorption  of  the  power  and  accordingly  increases  in 
resistance.  The  increment  in  resistance  is  nearly  proportional  to  the  power 
absorbed.  In  MICROWAVE  work  the  bolometer  is  usually  attached  to  a  TRANS- 
MISSION LINE  and  absorbs  R-F  power. 

Brewster's  angle. — The  ANGLE  OF  INCIDENCE  at  which  the  reflection  of  PARALLEL- 
POLARIZED  radiation  at  the  interface  between  two  dielectric  media  equals  zero. 

cellular  hard  rubber. — A  foam  (expanded)  hard  rubber  used  for  RADOME  construction. 
Each  cell  is  watertight. 

choke. — In  MICROWAVE  technique,  commonly  a  groove  approximately  one-quarter 
wavelength  deep  in  a  metal  surface,  which  prevents  the  escape  of  microwave 
energy.  See  FLANGE. 

circular  scan. — A  SCAN  in  which  the  BEAM  revolves  continually  around  a  vertical  axis. 

coaxial  transmission  line. — A  TRANSMISSION  LINE  consisting  of  a  metal  rod  or  tube 
supported  concentrically  inside  a  metal  tube. 

conical  scan. — A  SCAN  widely  used  in  TRACKING,  in  which  the  axis  of  a  PENCIL  BEAM 
rapidly  and  continuously  generates  a  circular  cone  about  an  axis  directed  toward 
the  target. 

cosecant-squared  beam. — A  BEAM  that  is  narow  in  AZIMUTH  arid  wide  in  ELEVATION. 
The  NOSE  of  the  beam  is  usually  nearly  horizontal,  and  the  GAIN  at  other  elevations 
varies  approximately  as  the  square  of  the  cosecant  of  the  angle  from  the  horizon. 

course. — (1)  The  angle  between  the  north  and  south  vertical  plane  and  the  vertical 
plane  through  an  airplane's  path,  measured  in  a  horizontal  plane  clockwise  from 
north.  (2)  See  OWN  SHIP'S  COURSE. 

cross-level  angle. — The  angle,  measured  about  the  axis  given  by  the  intersection  of 
the  deck  plane  with  the  vertical  plane  through  the  LINE  OF  SIGHT,  between  this 
vertical  plane  and  a  plane  perpendicular  to  the  deck  through  this  axis.  It  is 
positive  if  the  right-hand  side  of  the  deck  is  above  the  horizontal  plane  as  one 
faces  the  target. 

cross-Unking. — Interconnection  of  molecular  chains  in  a  high  POLYMER. 

cross-traverse  angle. — The  angle,  measured  about  the  LINE  OF  SIGHT,  between  the 
vertical  plane  through  the  line  of  sight  and  the  plane  perpendicular  to  the  deck 
through  the  line  of  sight.  It  is  positive  if  the  right-hand  side  of  the  deck  is 
above  the  horizontal  plane  as  one  faces  the  target, 
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data  stabilization. — The  intentional  rotation  or  distortion  of  the  DISPLAY  in  such  a 
way  as  to  compensate  automatically  for  changes  in  the  location  or  angular  posi- 
tion of  the  ship  or  airplane  carrying  the  radar. 

data  transmission. — The  technique  of  signaling  to  the  radar  operator  the  angular 
position  of  the  BEAM. 

depression  angle. — The  negative  of  the  ELEVATION  angle. 

dielectric. — A  material  having  negligible  electrical  conductivity. 

dielectric  constant. — The  quantity  e  in  the  expression  F  =  qq'/ed2,  where  F  is  the  force 
between  point  charges  q  and  q'  at  a  distance  d  apart.  The  numerical  value  of  e 
depends  on  the  system  of  units  and  on  the  medium.  It  is  also  called  the  permit- 
tivity. See  SPECIFIC  DIELECTRIC  CONSTANT,  LOW  DIELECTRIC  CONSTANT  MATERIAL, 

and  HIGH  DIELECTRIC  CONSTANT  MATERIAL. 

dipole. — A  simple  form  of  ANTENNA  approximately  one-half  wavelength  in  width. 

dish. — A  paraboloidal  REFLECTOR. 

display. — The  information  visually  presented  to  the  radar  operator  by  means  of  a 
cathode-ray  tube  or  by  dials. 

ditching  load. — The  impact  load  on  the  airplane  or  radome  during  a  forced  landing  on 
water. 

double-wall  radome. — A  radome  composed  of  two  dielectric  sheets  separated  by  an 
air  space. 

drag. — The  component  of  the  total  air  force  on  a  body,  that  is  parallel  to  the  direction 
of  flight. 

electrical  area  of  a  radome. — The  portion  of  the  RADOME  wall  through  which  energy 
is  to  be  transmitted. 

electrical  scanner. — A  SCANNER  in  which  the  scanning  is  accomplished  without  motion 
of  the  ANTENNA  as  a  whole.  Scanners  in  which  the  scanning  is  the  result  of  the 
relative  motion  of  a  point  FEED  and  a  REFLECTOR  arc,  however,  not  commonly 
included. 

electrical  thickness. — The  actual  thickness  of  a  homogeneous  DIELECTRIC  slab, 
multiplied  by  the  ratio  of  the  wavelength  in  free  space  to  the  wavelength  of  the 
same  radiation  in  the  slab.  It  is  often  expressed  in  terms  of  the  wavelength  in 
the  dielectric. 

elevation. — See  TARGET  ELEVATION  and  ANTENNA  ELEVATION. 

error  signal. — (1)  The  signal,  usually  a  voltage,  applied  to  the  controller  of  a  SERVO- 
MECHANISM,  that  indicates  the  misalignment  between  the  controlling  and  the 
controlled  members.  (2)  In  a  TRACKING  radar,  a  voltage  doponding  upon  the 
SIGNAL  received  from  the  TARGET,  which  in  sign  and  magnitude  depends  on 
the  angle  between  the  target  and  the  center  of  the  scan.  In  CONICAL  SCANNING 
there  are  separate  error  signals  for  ELEVATION  and  AZIMUTH. 

E-vector. — The  vector  representing  the  electric  field  of  an  electromagnetic  wave. 
In  free  space  it  is  perpendicular  to  the  direction  of  propagation.  See  H-VECTOH. 

fairing. — A  streamlined  surface  on  an  airplane  introduced  to  reduce  aerodynamic 
resistance,  commonly  employed  beside  or  behind  a  RADOME. 

fan  beam. — A  BEAM  whose  PATTERN  is  broad  in  one  dimension  and  narrow  in  the  other. 

feed. — The  termination  and  immediately  adjacent  portion  of  the  TRANSMISSION  LINE. 
The  R-F  energy  radiated  from  the  ANTENNA  FEED  falls  directly  on  the  REFLECTOR. 
The  feed  may  be  a  point  source  or  a  line  source  of  waves. 

Fiber  A. — A  synthetic  organic  fiber  or  yarn  made  by  the  Dupont  Company. 

Fiberglas. — Glass  fibers  or  cloth  woven  from  glass  yarn,  manufactured  by  the  Owens- 
Corning  Fiberglas  Corporation. 

flange. — A  coupling  flange  at  the  end  of  a  section  of  WAVEGUIDE.     It  may  be  a  CHOKE 
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flange,  in  the  flat  surface  of  which  is  a  circular  choke  groove,  or  it  may  be  a  plain 
or  blank  flunge,  intended  to  mate  with  a  corresponding  choke  flange. 

flexural  stiffness. — An  index  of  the  resistance  of  a  member  to  deflection  due  to  bend- 
ing. It  is  proportional  to  the  product  of  Young's  modulus  and  the  cube  of  the 
thickness,  for  a  homogeneous  member. 

flexural  strength. — The  maximum  apparent  outside  fiber  stress  in  a  member  at  rupture 
due  to  an  applied  moment. 

friction,  coulomb. — A  force  that  is  substantially  independent  of  velocity  and  always 
acts  in  opposition  to  the  motion. 

friction,  viscous. — Friction al  force  proportional  to  velocity. 

gain. — The  ratio  of  the  power  radiated  by  an  ANTENNA  per  unit  solid  angle  in  any 
direction  to  the  power  radiated  per  unit  solid  angle  by  an  isotropically  radiating 
antenna  of  the  same  total  power  output.  Gain  is  a  variable,  being  different  in 
different  directions.  The  maximum  gain,  or  gain  at  the  most  intense  part  of  the 
beam,  is  sometimes  loosely  termed  the  gain. 

GR-N  rubber. — A  Buna-N  synthetic  rubber  made  to  government  specification.  A 
copolymer  of  butadiene  and  acrylonitrile  similar  to  rubber  in  mechanical  proper- 
ties but  almost  unaffected  by  oils. 

ground  return. — Also  referred  to  as  ground  clutter.  Reflections  from  objects  on  the 
ground  observed  with  a  radar  set;  more  particularly  such  reflections  observed  by 
an  airborne  radar  used  for  locating  other  airborne  targets. 

GR-S  rubber. — A  Buna-S  synthetic  rubber  made  in  government  plants.  It  is  a 
copolymer  of  butadiene  and  styrcnc  similar  to  natural  rubber  but  more  nearly 
saturated.  It  is  often  used  where  low-temperature  flexibility  is  required. 

gyro,  gyroscope. — An  assembly  consisting  of  a  rapidly  rotating  wheel,  gimbals,  a 
take-off  at  one  or  at  each  gimbal  axis,  a  dustproof  case  and  other  items.  See 

STABLE  ELEMENT  and  STABLE  VERTICAL. 

half-sandwich. — A  mathematical  abstraction  used  in  HADOME  calculations  that  con- 
sists of  one  skin  and  an  infinitely  thick  core. 

half -wavelength  panel  or  radome. — (1)  One  whose  thickness  is  a  half  wavelength  in 
the  material.  (2)  MODIFIED  HALF  WAVELENGTH  PANEL  or  RADOME.  One  that 
behaves  for  waves  incident  obliquely  at  a  particular  angle  as  a  half-wavelength 
panel  or  radome  does  for  normally  incident  waves. 

heading. — The  angle  between  the  north  and  south  vertical  plane  and  the  vertical 
plane  through  the  fore-and-aft  axis  of  an  airplane,  measured  clockwise  from  the 
north. 

heat  distortion  temperature. — For  almost  any  polymer,  a  characteristic  narrow  tem- 
perature range  in  which  the  mechanical  properties  undergo  changes.  Below  this 
temperature  range  the  high  polymer  is  dimensionally  stable;  above  it,  creep 
appears. 

high  dielectric  constant  material. — One  having  a  SPECIFIC  DIELECTRIC  CONSTANT  of  4.0 
or  higher. 

hinge  joint. — A  coupling  between  two  WAVEGUIDES  that  allows  a  few  degrees  of  angu- 
lar misalignment  in  one  plane  only.  Commonly  it  employs  a  choke  FLANGE, 
slightly  separated  from  a  plain  flange  which  may  be  beveled  to  allow  motion. 

hole. — A  deficiency,  in  a  certain  direction,  in  the  GAIN  of  an  imperfect  FAN-BEAM 

ANTENNA  PATTERN. 

honeycomb  core. — A  RADOME  core  material  consisting  of  a  hexagonal  grid  of  laminated 

fabric. 
horn  feed. — The  flared  termination  of  a  WAVEGUIDE,  used  to  illuminate  a  paraboloid 

REFLECTOR. 
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H-vector. — The  vector  representing  the  magnetic  field  of  an  electromagnetic  wave. 

In  free  space  it  is  perpendicular  to  the  E-VECTOE  and  to  the  direction  of  propagation, 
hybrid  plane  wave.— A  wave  corresponding  to  complex  values  of  the  quantities  that 

are  the  direction  cosines  of  an  ordinary  plane  wave. 
IFF. — Identification,  friend  or  foe.     The  equipment  elicits  a  replying  pulse  SIGNAL 

from  a  transponder  on  friendly  airplanes  or  vessels.     See  BEACON.     It  often 

uses  a  special  ANTENNA,  sometimes  mounted  on  or  in  front  of  the  radar  antenna, 
incidence. — See  PLANE  OF  INCIDENCE  and  ANGLE  OF  INCIDENCE. 
indicator. — The  cathode-ray  tube  and  associated  apparatus  on  which  the  radar 

SIGNALS  arc  made  visible. 

instability. — Elastic  instability  of  the  RADOME  wall;  the  inability  of  a  radome  to  sus- 
tain more  than  a  certain  critical  load,  owing  to  elastic  buckling. 
interference  fringes. — Bands  in  the  radar  DISPLAY,  representing  a  fluctuation  in  the 

pattern  due  to  the  alternating  addition  and  subtraction  of  waves  propagated  by 

different  paths. 
jamming. — Intentional  interference  with  the  normal  operation  of  a  remote  radio  or 

radar  receiver. 
level  angle. — The  angle  between  the  horizontal  plane  and  the  deck  plane,  measured 

in  the  vertical  plane  through  the  LINE  OF  RIGHT.     Jt  is  positive  if  the  deck  toward 

the  line  of  sight  is  below  the  horizontal  plane. 
line  of  sight. — The  line  from  the  ANTENNA  in  the  direction  of  the  NOSE  of  the  BEAM  or 

in  the  direction  of  a  TARGET. 
line-of-sight  stabilization. — ANTENNA  STABILIZATION  by  means  of  the  ELEVATION  axis 

in  a  two-axis  SCANNER. 
line-stretcher. — A  device  for  making  slight  adjustments  in  the  effective  length  of  a 

TRANSMISSION  LINE. 

linear  array. — A  straight  row  of  DIPOLES  or  other  radiating  elements,  energized  in  such 
.  phase  relationships  as  to  produce  a  PATTERN  which  is  broadside,  end-fire,  or  inter- 
mediate in  direction. 

load,  matched. — A  termination  of  a  TRANSMISSION  LINE  that  absorbs  all  R-F  energy 
reaching  it  from  the  line. 

loss. — The  absorption  of  radiation  within  a  dielectric.     See  also  LOSS  ANGLE,  LOSS 

TANGENT,  LOSSY  DIELECTRIC,  LOW-LOSS  DIELECTRIC,  and  TRANSMISSION  LOSS. 

loss  angle  5. — The  complement  of  the  phase  angle  0 ;  the  angle  by  which  the  polarization 

lags  behind  the  charging  current. 
loss  tangent  tan  fi. — The  ratio  of  loss  factor  of  a  material  to  its  PERMITTIVITY.     For 

small  LOSS  ANGLES,  the  loss  tangent  is  approximately  equal  to  the  power  factor 

cos  0. 
lossy  dielectric. — One  whose  LOSS  TANGENT  is  difforont  from  zero,  especially  one  whose 

loss  tangent  exceeds  0.015. 

low-loss  dielectric. — One  whose  LOSS  TANGENT  does  not  exceed  0.015. 
low  dielectric  constant  material. — One  having  a  specific  dielectric  constant  of  2.2  or  less. 
low-pressure  molding. — A  method  of  molding  plastic  sheets,  in  which  atmospheric  or 

other  moderate  pressure  is  applied,  usually  through  a  rubber  bag,  at  an  elevated 

temperature,  and  forces  the  sheet  against  a  mold.     Also  known  as  bag  molding 

and  impression  molding. 
magnetron. — The  type  of  transmitting  tube  used  in  nearly  all  MICROWAVE  radars.     It 

must  be  used  in  a  magnetic  field  of  proper  strength. 
Marbon  B. — A  brand  of  cyclorubber  prepared  by  the  Marbon  Corporation  by  the 

cyclization  of  natural  rubber,  changing  it  from  an  elastomeric  material  to  ono 

that  is  tough  and  hard. 
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Marbon  S. — A  brand  of  cyclorubber  prepared  by  the  Marboii  Corporation  by  the 
cyclization  of  GR-S  rubber,  changing  it  from  an  el  as  torn  eric  material  to  one  that 
is  tough  and  hard. 

match. — The  extent  to  which  a  reflectionless  condition  is  realized,  as  waves  are  prop- 
agated from  one  region  into  another  (e.g.,  through  an  elbow  in  WAVEGUIDE  or 
from  a  TRANSMISSION  LINE  into  t-pace). 

mechanical  scanner. — A  SCANNER  that  moves  the  BEAM  by  a  motion  of  the  ANTENNA  as 
a  whole  or  by  relative  motion  of  the  external  portion  of  a  point  FEED  and  the 

REFLECTOR. 

microwaves. — Radio  waves  whose  wavelength  is  less  than  approximately  25  cm  or 
whose  frequency  exceeds  about  1200  megacycles  per  second. 

mockup. — A  nonfunctioning  full-scale  model  intended  to  facilitate  design  studies. 

mode.— See  TE-mode,  TEM-mode,  TMQ>]-tnode. 

modulator. — The  component  of  a  radar  set  that  energizes  the  transmitting  tube  dur- 
ing each  pulse.  It  is  sometimes  carried  on  the  PEDESTAL, 

monomer. — An  organic  compound  of  molecules  of  relatively  simple  structure  that 
may  be  combined  in  groups  to  form  molecules  of  the  corresponding  POLYMER. 

mount. — See  ANTENNA  MOUNT. 

nacelle. — An  excrescence  on  the  leading  part  of  a  fuselage  or  wing,  housing  an  engine, 
scanner  or  the  like. 

normal-incidence  radome. — A  HADOME  for  which  the  ANGLE  OF  INCIDENCE  is  less  than 
30°.  See  STREAMLINED  RADOME. 

nose. — (1)  The  part  of  a  BEAM  in  the  direction  of  maximum  intensity  or  GAIN.  (2) 
The  leading  portion  of  an  airplane  fuselage. 

nutating  feed. — A  VERTEX  FEED  which  describes  an  orbit  at  the  focus  of  a  paraboloid 
without  spinning,  i.e.,  by  a  wobbling  motion.  It  maintains  a  steady  PLANE  OF 
POLARIZATION  of  the  radiation. 

order. — (1)  The  voltage  sent  through  a  SERVO  SYSTEM  to  control  the  TRAIN  or  ELEVA- 
TION of  an  ANTENNA.  (2)  The  angles  denning  the  position  of  an  antenna,  e.g., 
train  order  and  elevation  order.  See  also  ORDER  OF  A  SANDWICH  RADOME. 

order  of  sandwich  radome. — As  in  "second-order  SANDWICH,"  etc.,  the  number 
identifying  a  member  of  the  series  of  optimum  low-reflection  RADOMES,  which 
differ  by  a  half -wavelength  in  the  ELECTRICAL  THICKNESS  of  the  core.  The  order 
is  n  +  1  where  n  is  the  number  of  half-wavelengths  added  to  the  electrical  core 
thickness  of  the  thinnest  member  of  tho  series. 

own  ship's  course. — The  angle  between  the  north  and  south  vertical  plane  and  the, 
vertical  plane  through  the  fore-and-aft  axis  of  own  ship,  measured  in  a  horizontal 
plane  clockwise  from  north. 

pattern. — The  angular  distribution  in  space  of  the  energy  from  the  ANTENNA;  a  graph 
of  this  distribution.  It  is  sometimes  termed  the  "secondary  pattern."  The 
primary  pattern  is  the  angular  distribution  of  energy  from  an  antenna  FEED. 

pedestal. — The  structure  supporting  the  ANTENNA,  including  the  BASE,  the  mechanical 
drives,  the  TRANSMISSION  LINE  as  far  as  the  antenna  FEED,  the  data  TAKE-OFFS, 
and  such  other  electronic  equipment  as  may  be  mounted  thereon. 

pencil  beam. — A  BEAM  having  nearly  circular  symmetry  about  an  axis.  It  is  equally 
sharp  in  all  planes  passing  through  its  axis. 

pillbox. — A  type  of  antenna  FEED,  commonly  energized  through  a  WAVEGUIDE,  that 
provides  a  source  of  radiation  distributed  along  a  line. 

perpendicular  (parallel)  polarization. — Polarization  in  a  plane  perpendicular  (parallel) 
to  the  plane  of  incidence. 

pip. — (1)  A  single  TARGET  as  seen  on  the  DISPLAY.     (2)  An  artificial  signal  added  to  the 
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DISPLAY  for  reference  purposes.  It  is  sometimes  produced  by  a  "pipper"  switch 
on  the  SCANNER. 

pitch  angle. — The  angle,  measured  about  the  axis  given  by  the  intersection  of  the 
horizontal  plane  with  the  athwartship  plane  perpendicular  to  the  deck,  between 
this  plane  and  the  zenith  direction.  It  is  positive  when  the  bow  is  up.  A  similar 
definition  applies  to  the  pitch  of  an  airplane.  The  ROLL  and  pitch  angles  would  be 
indicated  directly  by  protractors  attached  to  the  outer  and  inner  gimbal  bearings 
respectively  of  a  STABLE  VERTICAL  if  the  outer  gimbal  axis  is  installed  in  a  fore- 
and-aft  direction. 

plane  of  incidence. — The  plane  including  a  ray  and  the  normal  to  a  surface  that  it 
intersects.  See  ANGLE  OP  INCIDENCE. 

plane  wave. — A  wave  whose  wavefronts  are  planes. 

plane  polarized  wave. — In  free  space,  a  wave  in  which  the  E-VECTOH  is  always  parallel 
to  one  plane,  which  includes  the  direction  of  propagation. 

plane  of  polarization. — The  plane  through  the  direction  of  propagation  which  is  parallel 
to  the  E-VECTOU  in  plane  polarized  radiation.  Tf  the  beam  axis  is  horizontal,  the 
plane  of  polarization  is  usually  either  horizontal  or  vertical,  as  determined  by  the 
antenna. 

polarization. — See  PLANE  POLARIZED  WAVE,  PLANE  OF  POLARIZATION,  and  PERPENDICU- 
LAR (PARALLEL)  POLARIZATION. 

polyesterstyrene  resin. — A  polycondensation  product  resulting  from  vinyl  poly- 
merization of  styrene  so  as  to  cross-link  polyester  chains. 

Polyfibre. — A  brand  of  polystyrene  fibers  made  by  the  Dow  Chemical  Company. 

polymer.— A  chemical  compound  whose  molecule  consists  of  a  closely  bound  group  of 
like  molecules  of  a  compound  of  simpler  structure  known  as  the  MONOMER. 

polystyrene.— A  cloar  colorless  thermoplastic  molding  material  made  by  polymerizing 
styrene,  a  colorless  organic  liquid.  A  pure  nonpolar  hydrocarbon  of  excellent 
DIELECTRIC  properties. 

postforming. — Permanent  deformation  of  plastic  sheets  to  change  their  curvature. 

power  contour. — A  curve  connecting  points  of  a  given  value  of  the  power  reflection 
coefficient. 

power  reflection  coefficient. — The  ratio  of  the  intensity  of  plane  waves  reflected  from  a 
plane  surface  to  that  incident  upon  it;  the  square  of  the  AMPLITUDE  REFLECTION 

COEFFICIENT. 

PP1,  plan  position  indicator. — A  very  common  type  of  DISPLAY,  in  which  surface 
objects  surrounding  the  radar  are  shown  as  on  a  circular  map,  usually  with  the 
radar  at  the  center. 

pressurization. — Maintaining  a  pressure  in  excess  of  the  ambient  pressure  in  a  TRANS- 
MISSION LINE,  R-F  HEAD,  etc. 

pulling. — A  change  in  the  frequency  of  a  TRANSMITTER  output,  resulting  from  STAND- 
ING WAVES  in  the  TRANSMISSION  LINE.  It  is  generally  undesirable. 

radome. — Hadar  dome.  The  housing  for  an  ANTENNA,  transparent  to  R-F  radiation. 
It  may  include  certain  non transparent  areas. 

range. — (1)  The  distance  to  a  TARGET.  In  airborne  usage  this  is  termed  slant  range. 
(2)  The  ground  range,  or  horizontal  component  of  the  slant  range.  (3)  The 
maximum  range  at  which  a  given  type  of  target  can  be  detected  with  a  given 
radar. 

reflection. — See  POWER  REFLECTION  COEFFICIENT,  AMPLITUDE  REFLECTION  COEFFICIENT. 

reflector. — The  portion  of  an  ANTENNA  that  reflects  the  radiation  from  the  FEED  into 
space,  collimating  the  BEAM  or  otherwise  shaping  the  secondary  PATTERN.  Some 
antennas  have  no  reflector. 
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relative  azimuth  angle. — RELATIVE  TARGET  BEARING. 

relative  target  bearing. — The  angle  between  the  fore-and-aft  axis  of  own  ship  and  the 
vertical  plane  through  the  LINE  OP  SIGHT,  measured  in  the  deck  plane  clockwise 
from  the  bow. 

resolution. — The  ability  of  a  radar  set  to  distinguish  two  reflecting  objects  that  lie 
close  together. 

resolver. — A  transformer  having  two  primary  windings  in  space  quadrature  and  two 
secondary  windings  in  space  quadrature.  The  secondary  may  be  rotated  in 
relation  to  the  primary.  Sometimes  one  winding  is  aKsrnt. 

r-f. —  Radio  frequency.  In  the  1-,  3-,  and  10-cm  bands  the  frequencies  are  about 
30,000;  10,000;  and  3000  megacycles  per  second,  respectively. 

r-f  head,  r-f  unit. — The  unit  containing  the  TRANSMITTER  and  the  parts  of  the  receiver 
in  which  R-F  currents  are  present.  It  is  sometimes  mounted  on  the  PEDESTAL. 

roll  angle. — The  angle,  measured  in  the  athwartship  plane  perpendicular  to  the  deck, 
between  its  intersections  with  the  horizontal  plane  and  with  the  deck  plane. 
It  is  positive  when  the  starboard  side  of  the  ship  is  raised  or  when  the  right  wing 
of  an  airplane  is  depressed.  See  PITCH  ANGLE. 

rotary  joint. — A  connection  between  two  portions  of  a  TRANSMISSION  LINE  that  allows 
rotation  of  one  with  respect  to  the  other. 

sandwich  radome. — A  RADOME  composed  of  throe  layers:  a  core  of  one  DIELECTRIC, 
bonded  between  skins  of  a  different  dielectric.  See  also  ASYMMETRICAL  SAND- 
WICH RADOME. 

scan. — The  path  periodically  described  by  a  BEAM  in  space;  does  not  include  the 
motion  of  TRACKING. 

scanner. — The  entire  mechanism  employed  to  produce  a  scanning  BEAM  of  radiation 
and  to  actuate  its  motion.  See  ANTENNA  MOUNT. 

Selsyn. — A  trade  name  for  a  SYNCHRO. 

servomechanism,  servo  system. — A  device  whereby  a  remote  member  is  caused  to 
assume  a  position  dependent  upon  the  position  of  a  control  member.  The  con- 
trolling force  on  the  remote  member  is  a  function  of  the  difference  between  the 
actual  and  desired  positions  of  the  remote  member.  The  design  of  a  servo- 
mechanism  may  be  such  as  to  provide  great  amplification  of  torque. 

side  lobe. — A  portion  of  the  radiation  from  an  ANTENNA  outside  the  main  BEAM  and 
usually  of  much  smaller  intensity.  A  side  lobe  is  a  region  between  two  minima 
in  the  PATTERN. 

signal. — A  radar  echo;  pip.     See  also  ERROR  SIGNAL. 

specific  dielectric  constant. — The  ratio  of  the  DIELECTRIC  CONSTANT  of  the  material  to 
the  dielectric  constant  of  vacuum. 

square-law  detector. — A  detector  whose  output  in  proportional  to  the  square  of  the 
amplitude  of  the  received  SIGNAL,  i.e.,  to  the  intensity. 

stabilization. — The  use  of  a  SERVOMECHANISM  to  control  the  angular  position  of  an 
ANTENNA,  in  such  a  way  as  to  compensate  automatically  for  changes  in  the  angu- 
lar position  of  a  ship  or  airplane  on  which  the  antenna  is  mounted. 

stable  element. — A  gyroscope  whose  wheel  maintains  a  vertical  axis  and  whose  gimbal 
axes  may  be  oriented  in  TRAIN. 

stable  vertical. — A  gyroscope  whose  wheel  maintains  a  vertical  axis  and  whose  gimbal 
axes  are  fore  and  aft  and  athwartship. 

standing  waves. — The  spatial  alternation  of  regions  of  high  and  low  R-F  electric  field, 
caused  by  the  reflection  of  waves,  as  in  a  faulty  TRANSMISSION  LINE  or  ANTENNA 
FEED.  The  voltage  standing  wave  ratio  (VSWR  or  SWR)  is  the  ratio  of  maxi- 
mum to  minimum  field  intensity. 
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stowing  pin. — A  means  of  inhibiting  the  motion  of  an  ANTENNA  during  periods  when 
the  radar  is  not  in  use. 

streamlined  radome. — A  radome  whose  electrical  area  is  steeply  inclined  to  the 
WAVEFRONTS.  The  rays  of  high  intensity  arc  incident  on  the  wall  at  ANGLES  OF 
INCIDENCE  in  excess  of  30°.  See  NORMAL-INCIDENCE  RADOME. 

strength  and  stiffness  ratings. — Figures  of  merit  of  a  RADOME  panel,  in  terms  of  the; 
strength  (or  stiffness),  DIELECTRIC  CONSTANT(S),  and  thickness  of  the  panel. 

structural  radome  sandwich. — A  sandwich  designed  with  primary  regard  for  structural 
considerations  at  the  expense  of  electrical  characteristics. 

surface-based. — Located  on  the  ground  or  on  a  tower,  vehicle,  or  vessel.  Not  air- 
borne. 

synchro. — A  transformer  of  which  the  coupling  is  varied  by  the  relative  orientation  of 
the  primary  and  the  secondary.  Continuous  rotation  is  possible.  Usually  one 
or  both  windings  are  three-phase. 

SWR. — Standing  wave  ratio.     See  STANDING  WAVES. 

take-off. — A  SYNCHRO,  potentiometer,  or  other  device  for  DATA  TRANSMISSION.  Take- 
offs  are  mounted  on  SCANNERS  to  indicate  the  direction  of  the  BEAM  and  on  gyros 
to  indicate  the  angular  position  of  a  ship  or  aircraft. 

target  elevation. — The  angle  between  the  horizontal  plane  and  the  LINE  OF  SIGHT,, 
measured  upward  from  the  horizontal  in  the  vertical  plane  through  the  line  of 
sight. 

target. — Any  object  reflecting  a  radar  pulse  back  to  the  ANTENNA. 

TE-mode. — Any  mode  of  propagation  in  WAVEGUIDE  or  between  parallel  plates,  in 
which  the  electric  field  is  wholly  transverse  to  the  direction  of  propagation.  The1 
TEi.o-mode  is  commonly  used  in  rectangular  WAVEGUIDE  TRANSMISSION  LINES. 

TEM-mode. — A  mode  of  propagation  of  electromagnetic  energy  between  parallel 
plates  (or  in  a  COAXIAL  TRANSMISSION  LINE),  in  which  the  electric  field  is  every- 
where perpendicular  to  the  conductors  and  the  wavelength  is  independent  of  the 
spacing  between  them. 

thermoplastic  material.— An  organic  material  that  becomes  defornmblc  and  workable 
upon  heating. 

thermosetting  material. — One  that  is  cured,  i.e.,  undergoes  an  irreversiblcc  hcmical 
change  consisting  of  a  CROSS-LINKING  of  molecular  chains  upon  heating.  After 
curing  it  resists  change  in  physical  form.  See  THERMOPLASTIC  MATERIAL. 

thick-skinned  sandwich  radome. — A  sandwich  radome  in  which  the  skins  have  a  low 
dielectric  constant  and  an  ELECTRICAL  THICKNESS  of  one-half  wavelength. 

thickness,  electrically  effective. — Especially  of  a  RADOME  skin,  the  thickness  as  deter- 
mined by  electrical  (i.e.,  R-F)  rather  than  by  mechanical  measurements.  It  is 
influenced  by  the  penetration  of  the  skin  resin  into  the  core. 

thin-walled  radome. — One  whose  ELECTRICAL  THICKNESS  is  small  in  comparison  with 
a  quarter-wavelength. 

tilt  angle. — The  DEPRESSION  ANGLE. 

TMo.i-mode. — A  mode  of  propagation  of  electromagnetic  energy  which  has  axial 
symmetry  if  excited  in  a  circular  WAVEGUIDE.  It  is  widely  employed  in  ROTARY 
JOINTS. 

tracking. — Directing  an  ANTENNA  continuously  toward  a  moving  TARGET.  This 
may  be  effected  manually  while  watching  the  INDICATOR  or  automatically. 

train. — Angle  measured  in  the  deck  plane,  clockwise  from  the  bow.  See  also  ANTENNA 
TRAIN. 

train  axis. — An  axis  of  an  ANTENNA  MOUNT,  perpendicular  to  the  deck. 

transmission  coefficient,  power  transmission  coefficient. — The  ratio  of  the  intensity  of 
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the  PLANE  WAVE  transmitted  through  a  plane  surface  or  panel  to  the  intensity 
that  would  exist  if  the  surface  or  panel  were  removed.     Amplitude  transmission 
coefficient  is  the  corresponding  ratio  of  amplitudes,  usually  a  complex  number. 
transmission  line. — The  conductor  or  system  of  conductors  carrying  R-F  energy  from 

the  TRANSMITTER  to  the  ANTENNA.      See  COAXIAL  TRANSMISSION  LINE  and  WAVE- 
GUIDE. 

transmission  loss. — Unity  minus  the  power  TRANSMISSION  COEFFICIENT. 

transmitter. — (1)  the  H-F  transmitting  tube,  in  MICROWAVE  practice  usually  a  MAGNE- 
TRON. (2)  A  data  TAKE-OFF. 

true  azimuth  angle. — TRUE  TARGET  BEARING. 

true  target  bearing. — The  angle  between  the  north  and  south  vertical  plane  and  the 
vertical  plane  through  the  LINE  OF  SIGHT,  measured  in  a  horizontal  plane  clockwise 
from  the  north. 

tuner. — In  MICROWAVE  R-F  practice,  any  device  for  altering  the  STANDING  WAVES 
in  a  TRANSMISSION  LINE;  an  adjustable  impedance  transformer. 

vertex  feed. — A  FEED  at  the  focus  of  a  paraboloid  REFLECTOR;  it  is  mounted  at  the  end 
of  the  TRANSMISSION  LINE,  which  penetrates  through  the  paraboloid  at  its  vertex. 

wavefront. — An  imaginary  surface  in  a  field  of  radiation,  at  all  points  of  which  the 
r-f  variation  of  the  E-VECTOH  is  in  the  same  phase.  In  free  space  the  wavefronts 
are  one  wavelength  apart  and  are  perpendicular  to  the  direction  of  propagation. 

waveguide. — A  metal  tube,  usually  of  rectangular  cross  section,  within  which  electro- 
magnetic energy  may  be  propagated. 

wet  lay-up  molding. — The  low-pressure  curing  of  the  skin  of  a  sandwich  RADOME  in 
contact  with  the  core  material.  In  the  single-stage  process  both  skins  are  cured 
simultaneously. 

wobble  joint. — See  HINGE  JOINT. 
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Absorbing  mediums,  theory  of,  343-346 
Absorption  coefficient,  266,  345 
Accuracy,  228 
Acrylic  plastic,  370 
Adhesive,  282 

effect  of,  318 

Aerodynamic  considerations,  419-425 
Aircraft  gun  sight,  171 
Aircraft  interception,  165 
Airfoil  section,  423 
Altitude,  163 
Alvarez,  L.  W.,  185 
Amplidync,  221,  233,  238 
Amplitude     coefficients,     of     reflection, 
theory  of,  349 

of  refraction,  theory  of,  349 
Amplitude-reflection  coefficient,  261,  262, 
267,  288 

chart  for,  275 

at  oblique  incidence,  290 
AN/APA-15,  176,  207,  236 
AN/APG-1,  237,  238 
AN./APG-2,  237 
AN/APG-13  radome,  456 
AN/APG-15  (see  Aircraft  gun  sight) 
AN/APQ-3,  420 
AN/APQ-7,  162,  185-193,  244,  421,  426, 

434 
AN/APQ-13,  175-177,  207,  252,  254,  331 

diffraction  with,  253 

interference  with,  253 
AN/APQ-13  (60-in.)  radar,  nonprotrud- 

ing  radome  for,  432 

AN/APQ-13   (60-in.)  radome,  431,  452, 
457 

air  pressure  on,  459 
AN/APS-2,  207,  236,  245-247,  426 
AN/APS-4,  249,  427 
AN/APS-4  radome,  427 
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AN/APS-6,  183-185,  249 

AN/APS-6  radome,  427 

AN/APS-10,  165,  170,  198 

AN/APS-15,  207,  236 

Anderegg,  F.  O.,  389 

Angle  of  attack,  164 

Angles  of  incidence,  range  of,  286 

Angular  position,  shift  of,  249 

AN/MPN-1  (see  GCA) 

Antenna  feed,  5 

Antenna  gain,  10 

Antenna  mount,  AN  /TPS-1,  79 

CXBL,  232 

line-of-sight  stabilized,  133 

SP-1M,  86 

stable-base,  134,  147 

10-cm,  fully  stabilized,  149 
Antennas,  155 

airborne,  stabilization  of,  13 

beacon,  housing  for,  460 

cosecant-squared,  252 

shipborne,  stabilization  of,  13 

for  use  in  submarines,  132 
Anti-icing,  425 
Anti-icing  fluid,  131 
AN/TPS-1,  79 

AN/TPS-1  antenna  mount,  79 
AN/TPS-10,  80,  97 
AN/TPS-10  transmitter,  12 
ASG  radar  set,  246,  426 
ASG-3  radar,  430 
Attenuation,  6 

in  sheets,  291 
Autosyns,  9,  167,  234 
Axis,  cross-elevation,  115 

cross-level,  111 
Axis,  cross-traverse,  114 

level,  111 

train,  105 
Azimuth,  70 
Azimuth  axis,  8 
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B 


Backlash,  138 

Bag-molding,  372,  375 

Bakelite,  dielectric  constants  of,  409 

loss  tangents  of,  409 
Balance,  185 
Balsa  wood,  379 
Bank  angle,  164 
Barrel  stave,  157 
Beacon,  broadside,  162 
Beacon  housings,  structural  test  of,  457 
Beam,  angular  distortion  of,  252 

flexure  of,  383 
Beam  width,  11 

vertical,  132 
Bearing,  170 

relative,  113 
Bearing  angle,  107 

relative,  463,  471 
Bea  vert  ail,  oscillating,  85 
Bell,  M.  E,  410 
Bending,  simple,  theory  of,  384 
Bending  jig,  386 
Berberioh,  L.  J.,  410 
Birks,  J.  B.,  276,  308,  412 
Bostic  Precoat  and  Cement,  60 
Breckenridge,  R.  G.,  343,  408 
Brewster  angle,  289,  296 
Broadside  array,  186 
Brown,  Gordon  S.,  212 
Brushes,  78 
Biichner,  410 
Butadiene-acrylonitrile  copolymer,  379 


Cady,  W.  M.,  201 

Case,  J.  C.,  379,  382 

Catalyst  wash,  382 

Celcure,  61 

Cellulose  acetate,  379 

Cementing,  383 

Cements,    resorcinol-formaldehyde,    284, 

383 

rubber-base,  284 
Choke,  166,  188 
Coaxial  line,  6,  166 
Compressible  flow,  424 
Compression  test,  edgewise,  402 


Computer,  117,  217 

analytic,  117 

bail,  117 

constraint,  117 

constructive,  118 

geometric,  117 

mechanical  constraint,  118 

Radiation  Laboratory,  128 
Condensation,  142 
Contouring,  31 
Contours  of  constant  reflection,  309 

first-order,  295 

reflection,  294,  323 

second-order,  295 

zero-order,  295 
Control  transformer,  224 
Controller,  211-213,  216,  218,  220 
Core  material,  mechanical  properties  of, 

407 

Core  thickness,  effect  of,  on  re  flection,  at 
parallel  polarization,  314 

at  perpendicular  polarization,  312 

optimum  (see  Optimum  core  thickness) 

tolerances  in,  319 
Corrosion,  141 

Cosecant  squared,  156,  176,  252 
Coulomb  friction,  220,  226 
Coupling,  166,  167 
Cross-level  angle,  469 
Cross-level  orders,  113 
Cutler,  C.  C.,  159 
Cutler  feed,  5 

CXBL  antenna  mount,  232 
Cyclized  rubber,  371 

GR-S,  371 

D 

Data  transmission,  167,  212,  223-225 

Deck-tilt  correction,  108,  467 

Deicing,  425 

Depth  /span  ratio,  398 

Derivative,  216,  218,  220-223 

Diehlsyn,  167 

Dielectric  constants,  of  Bakelite,  409 

complex,  266,  344 

of  core,  tolerances  in,  320 

effective,  287,  288 

of  Fiber-A  laminates,  413 

of  foam,  409-413 
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Dielectric  constants,  of  GR-N  foam,  411 

high,    reflection    of    sandwiches    with 
cores  of,  327 

low,  panels  with,  265 

reflection  of  panels  of,  299,  303 

of  MarbonS,  411 

of  mixtures,  410,  412 

of  Owens-Corning  glass,  409 

of  Penacolite,  409 

of  Plaskon,  409 

of  Poly  2,5  dichlorostyrerie,  409 

of  Polyfiber,  409-413 

of  Polymethyl  methacrylate,  409 

of  Polystyrene,  409 

of  Selectron,  409 

of  skin,  tolerances  in,  321 

specific,  266,  343 

effective,  theory  of,  352 
Dielectric  sheet,  quarter  wavelength,  273 
Diffraction,  253 

with  AN/APQ-13,  253 
Dipole,  159,  161,  186,  190 
Dipole  array,  186 
Dish,  16 
Distortion,  200 

angular,  of  beam,  252 
Double-wall  radomes,  246 

general,  272-276 

normal-incidence,  electrical  design  of, 

276 

Dowker,  Y.  N.,  283,  304,  328 
Drag,  419 

on  reflectors,  33 
Drag  coefficient,  420 
Driving  mechanisms,  135-137 
Duplexer,  72 
Dynamic  pressure,  420 

E 

Eagle  scanner  (see  AN/APQ-7) 
Ebonol,  142 

Edgewise  compression  test,  402 
Electrical  test,  441-448 

procedure  in,  448-454 
Electrical  thickness,  261 

at  oblique  incidence,  291 
Electroforming,  55 
Elevation,  181 
Elevation  angle,  true,  463 
Elevation  order,  109,  110,  463 


Elevation  patterns,  450 

End  fire,  161 

Equalizing  network,  221,  223 

Erection,  202 

Error,  212,  213,  215,  216,  222,  228 

gimbul  inertia,  208 
Kverhart,  E.  M.,  310,  315,  319,  323,  409 


F 


Fan  beam  30 

Feed,  15,  156-158,  161,  184 

mechanically  oscillated,  67 

offset,  64 

trapezoidal,  45 

vertex,  158 
Fiber-A,  379 

Fiber-A   laminates,    dielectric   constants 
of,  413 

stiffness  rating  of,  416 

strength  rating  of,  416 
Fiber  mat,  cellulosic,  379 
Fiberglas,  375,  377 

heat-cleaned,  375 

heat-tmited,  375 

resin-inipregimted,  52 
Fiberglas  fabric,  377 

Fiberglas  laminates,  dielectric  properties 
of,  413 

flexure  of,  389 

stiffness  rating  of,  416 

strength  rating  of,  416 
Fire  control,  165,  237 
Foam,  dielectric  constants  of,  409-413 

GR-N,  dielectric  constants  of,  411 

hard  rubber,  379 

phenolic,  379 

polyester-styrcne,  379 

polystyrene,  379 
Foaming  in  place,  379 
Focal  length,  26 
Footings,  78 
Friction,  Coulomb,  220,  226 

viscous,  212,  216,  218,  221,  226 
Fry,  T.  C.,  346 


Garlock  Klozure,  140 
GCA,  86,  188 
GCI,  12,  231 
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Gear  boxes,  139 

Gear  case,  78 

Gear  train,  lubrication  of,  169 

Gearing,  worm,  138 

Gears  for  power  drives,  138 

GEI,  205,  236 

GEI  scanner,  radome  for,  435 

General  Bronze  Corporation,  103 

General  Electronics  Industries  (sen  GEI) 

Generator,  differential,  225 

synchro,  224 
Giinbal  inertia  error,  208 
Glass,    Owens-Corning,    dielectric    con- 
stants of,  409 
loss  tangents  of,  409 
Glass  mat,  379 
Glue  line,  282,  284 

GR-N  foam,  dielectric  constants  of,  411 
GR-S  cyclized  rubber,  371 
Gratings,  15 

reflecting,  21 
Ground  clutter,  94,  250 
Ground  control,  of  approach  (see  GCA) 

of  interception  (see  GCI) 
Gun  blast,  439 
Gusts,  164 

Gyro,  196,  197,  202,  206 
Gyroscope,  194 


H 


Half  wavelength,  modified,  skins  of,  322- 

327 

Half-wavelength  panels,  modified,  305 
at  perpendicular  polarization,  297 
tolerances  for,  298 
transmission  by,  305 
N-,  power- transmission  coefficient  for, 

270 
Half -wavelength  thickness,  263 

modified,    at    perpendicular    polariza- 
tion, 302 

tolerances  in,  264 
Hall,  A.  C.,  212,  217 
Hardware  cloth,  20 
Heading  marker,  168 
Height-finding,  85 
flight,  S.  C.,  249 

Honeycomb  core  construction,  experi- 
mental results  of,  on  transmission, 
334 


Honeycomb  grid,  379 

Horn,  158,  174 

Housing  for  beacon  antennas,  460 

Humidity,  162 


I 


Ice,  131 

Identification  system  (IFF),  88 

Index  of  refraction,  266,  343,  345 

effective,  theory  of,  352 
Inertia,  212 
Input  member,  217 
Installation,  164 

types  of,  for  radomes,  242-244 
Integral,  216,  220-223 
Interference,  251 

with  AN/APQ-13,  253 


James,  H.  M.,  203,  463 
Jig,  bending,  386 
test,  400 

L 

Laminates,  electrical  properties  of,  413, 
414 

loss  tangents  of,  414 

reduced-density,  377 
Level  angle,  469 
Level  orders,  113 
Lichtenecker,  410 
Lincoln,  F.  B.,  194 
Lino-of-sight  antenna  system,  two-axis, 

144 

Line-of-sight  stabilization,  195-199,  207 
Line-of-sight     stabilization     attachment 

(see  AN/APA-15) 
Linear  arrays,  83,  161 
Loading  pads,  456 
Loads,  inertial,  129 
Loalin,  372 
Long-line  effect,  5 
Loop,  211,  212 
Loss  tangents,  266 

of  Bakelite,  409 

of  laminates,  414 

of  Owens- Corning  glass,  409 
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Loss  tangents,  of  Penacolite,  409 

of  Plaskon,  409 

of  Poly  2,5  dichlorostyrene,  409 

of  Polymethyl  methacrylate,  409 

of  Polystyrene,  409 

of  Selection,  409 
LST,  radome  for,  440 
Lubricants,  140 
Lucite,  370 
Lustron,  372 

M 

Mach  number,  423 
Magnetron,  72 
Marbon  B,  371 
Marbon  S,  371 

dielectric  constants  of,  411 
March,  398 

Materials,  evaluation  of,  at  normal  inci- 
dence, 415-418 
Maxwell's  equations,  341 
Mesh,  20 

Meyer,  L.  S.,  379,  382 
Meyers,  W.  L.,  164 
Microwave  reflectors,  15 
Mixer,  72 

Mockup  for  radome  testing,  446 
Modulator,  72 
Modulus  of  rupture,  384 

Young's,  385 
Motor,  169 

hydraulic,  219,  222 

polyphase,  220,  221 

servo  (see.  Servomotor) 

N 

Network,  equalizing,  221,  223 
Newell,  424 
Nichinson,  D.  B.,  179 
Niles,  424 

Norman,  W.  A.,  379 
Nosmo,  236 

O 

Optimum  core  thickness,  279,  280,  315 
Oscillating  beavertail,  85 
Oscillating  beavertail  scans,  97 


Palmer  scan,  8,  66 

Panels,  half- wavelength  (see  Half-wave- 
length panels) 

lossless,  at  parallel  polarization,  300 

lossy,  at  arbitrary  incidence,  303 

thin,  reflection  of,  300,  303 
Parabolic  cylinder,  29 
Parabolic  reflector,  5 
Paraboloid  reflector,  156 
Paraboloids,  157 

astigmatic,  25,  28 
template  for,  29 

spun,  18 

true,  25-28 

Patterns,  apparatus  for  testing,  445 
Pedestal,  8 

stable-base,  115 
Penacolite,  383 

dielectric  constants  of,  409 

loss  tangents  of,  409 
Perry,  H.  A.,  419 
Perspex,  370 
Phase  shift,  338 

theory  of,  366 
Pillbox,  161,  176,  206 
Pistons,  hydraulic,  136 
Pitch  angle,  463 
Pitch  stabilization,  198 
Plan  position  indicator  (see  PP1) 
Plane  electromagnetic  waves,  theory  of, 

341-343 

Plane  lossless  sheets,  at  arbitrary  inci- 
dence, 292-296 

at  normal  incidence,  260-265 

power-reflection  coefficient  of,  260 
Plane  lossy  sheet,  at  normal  incidence, 
265-272 

power- reflection  coefficient  of,  267 

power-transmission  coefficient  of,  268 
Plane  sheets,  homogeneous,  at  perpen- 
dicular polarization,  298 
Plane  waves,  hybrid,  theory  of,  346 
Plaskon,  dielectric  constants  of,  409 

loss  tangents  of,  409 
Plexiglas,  370 
Plywood,  60 

Polarization,  elliptical,  338-340 
theory  of,  366-368 

general,  291 
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Polarization,  parallel,  effect  of  core  thick- 
ness on  reflection  at,  314 
lossless  panels  at,  300 

perpendicular,  effect  of  core  thickness 

on  reflection  at,  312 
homogeneous  plane  sheets  at,  298 
lossless  panels  at,  296-300 
modified  half -wavelength  panel  at, 

297 
modified  half- wavelength   thickness 

at,  302 
Poly  2,5  dichlorostyrenr,  374,  376 

dielectric  constants  of,  409 

loss  tangents  of,  409 
Polycster-styrcne  foam,  379 
Polyfibre,  372 

dielectric  constants  of,  409-413 

flexure  of,  389 

stiffness  of,  388 

stiffness  rating  of,  416 

strength  of,  388 

strength  rating  of,  416 
Polyflex,  372,  373 

flexure  of,  387 

stiffness  rating  of,  416 

strength  rating  of,  416 
Polyiron  D-l,  48 
Polymethyl  methacrylato,  369 

dielectric  constants  of,  409 

flexure  of,  387 

loss  tangents  of,  409 

stiffness  rating  of,  416 

strength  rating  of,  416 
Polystyrene,  370,  372 

dielectric  constants  of,  409 

flexure  of,  387 

loss  tangents  of,  409 
Polystyrene  fiber,  flexure  of,  389 

stiffness  rating  of,  416 

strength  rating  of,  416 
Polystyrene  foam,  379 
Polyvinyl  carbazole,  374 
Postforming,  378 
Potentiometer,  168,  205,  225 
Power  absorber,  47 
Power  drives,  gears  for,  138 
Power-reflection  coefficient,  256,  261,  262 

at  oblique  incidence,  290 

of  plane  lossless  sheet,  260 

of  plane  lossy  sheet,  267 

in  sheet,  theory  of,  358 


Power-transmission  coefficient,  256 

of  lossy  sandwich,  284 

for  ./V-half- wavelength  panels,  270 

of  plane  lossy  sheet,  268 

in  sandwiches,  theory  of,  361 

in  sheet,  theory  of,  358 
PPI,  71,  168,  200 
Prandtl,  419 
Precession,  203,  204 
Pressure,  ]62,  163 

dynamic,  420 
Pressurization,  163,  167 
Pulling,  246-248 
Pulse  repetition  rate,  85 

R 

Radar,  1-cm,  experimental,  radome  for, 

437 

Radar  equation,  11 
Radome  absorption,  of  water,  255 

of  water  vapor,  255 
Radome  fabrication,  general,  369-418 
Radome  materials,  general,  369-418 

general  electrical  properties  of,  408 
Radomp  testing,  mockup  for,  446 
Radomes,  200 

abrasion  of,  255 

AN/APQ-13  (60-in.)  [xer  AN/APQ-13 
(60-in.)  radome] 

AN/APS-4,  427 

AN/APS-6,  427 

cold  resistance  of,  255 

double-wall  (see  Double-wall  radomcs) 

for  experimental  1-cm  radar,  437 

for  OKI  scanner,  435 

general  structural  design  of;  424 

heat  resistance  of,  255 

installation  of,  419-462 

laminated,  376 

large,  design  of,  429 

for  LST,  440 

nonprotruding,   for  AN/APQ-13    (60- 
in.)  radar,  432 

normal-incidence,  256 

electrical  design  of,  259-285 

requirements  for,  electrical,  244 
general  mechanical,  254-256 

sandwich  (see  Sandwich  radomes) 

shipborne,  examples  of,  438-441 

stiffness  of,  254 
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Radomes,  streamlined,  257 

electrical  design  of,  286-340 
examples  of,  430-438 

strength  of,  254 

testing  of,  419-462 

thin,  264,  272 

types  of  installation  for,  242-244 
Receiver,  72 

synchro,  224 
Redheffer,  R.  M.,  241,  244,  248,  249,  265, 

276,  298,  302,  304,  308 
Reflection,  244 

amplitude  coefficients  of,  theory  of,  349 

apparatus  for  testing,  444 

at  boundary,  theory  of,  347-353 

constant,  contours  of,  309 

effect  of  core  thickness  on,  at  parallel 

polarization,  314 
at  perpendicular  polarization,  312 

by  low-loss  material,  theory  of,  353 

minimized  maximum,  297 

multiple,  theory  of,  354 

at  oblique  incidence,  290 

of  power,  coefficients  for,  theory  of,  353 

by  sandwiches,  theory  of,  360-365 

of  sandwiches,  322-327 

general  considerations  for,  306 

by  sheet,  theory  of,  354-360 

from  skin,  252 

of  thin  panels,  300,  303 
Reflection  contour  sandwiches,  309 
Reflection  contours,  294,  323 
Reflection  tests,  apparatus  for,  444 
Reflectors,  160 

corner,  21 

cylindrical,  19 

drag  on,  33 

illumination  of,  26 

microwave,  15 

parabolic,  5 

paraboloid,  156 

shaped  cylindrical,  160 
Refraction,     amplitude    coefficients    of, 
theory  of,  349 

at  boundary,  theory  of,  347-353 

index  of  (see  Index  of  refraction) 
Resins,  thermosetting,  374 
Resolver,  209 

electrical,  123 
Reynolds  number,  420 
H-f  head,  73 


R-f  package,  73 

R-f  rotary  joint,  73,  141 

mode  absorber  waveguide,  141 
R-f  switch,  58,  191 
R-f  transmission  line,  73 
R-f  wobble  joint,  69 
Rheinfrank,  G.  B.,  Jr.,  379 
Robertson,  R.  M.,  185 
Robinson  scanning  feed,  45-55 
Roll  angle,  463 

Roll  stabilization,  110,  195,  199,  205,  234 
Rotary  joint,  6,  74,  165,  184 

pulse,  73 

r-f  (see  R-f  rotary  joint) 
Rother,  410 

Rubber,  cyclized  (see  Oyclized  rubber) 
Rupture,  modulus  of,  384 


S 


Sandwich  beams,  flexure  of,  397 
.Sandwich  radomes,  general,  272-276 
normal-incidence,  electrical  design  of, 

277-283 

symmetrical,  279,  280 
Sandwiches,  asymmetrical,  experimental 

results  on,  333 
bending,  395 
with  cores  of  high  dielectric  constant, 

reflection  of,  327 
with  cotton  fabric  skins,  experimental 

results  of,  on  transmission,  337 
with   Fiber-A  skins,   experimental   re- 
sults of,  on  transmission,  337 
lossless,  at  arbitrary  incidence,  308-312 
at  normal  incidence,  theory  of,  362 
symmetrical,  308 
with  thin  skins,  312-322 
lossy,    power-transmission     coefficient 

of,  284 

transmission  of,  328 
mechanical  properties  of,  395-406 
plane  lossy  sheet,  283 
reflection   of   (see   Reflection  of  sand- 
wiches) 

reflection  contour,  309 
representative,   mechanical  properties 

of,  404 
shear,  395 
simple  bending,  399 
symmetrical,  278 
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Sandwiches,   thin-skinned,  experimental 

results  of,  330 
tolerances  for,  319 

transmission  of   (see  Transmission  of 
sandwiches) 

unsymmetrical,  275 

theory  of,  363 
Scan,  7 

complex,  8 

conical,  7,  62,  66,  171,  184 

helical,  8 

horizon,  7 

oscillating  beavertail,  97 

Palmer,  8,  66 

sector  (see  Sector  scan) 

simple,  7 

spiral,  8,  66,  183 
Scanner,  7 
Scanning  feed,  mechanically,  61 

nutating,  64 

Robinson,  45-55 
Scanning  loss,  71 

Schwarzschild  antenna  system,  55-61 
SCR-584  radar  set,  233 
SCR-615  radar  set,  231 
SCR-720  radar  set,  250 
Sealing  of  rotating  shafts,  140 
Search  and  early-warning  set,  81 
Search  radars,  high-resolution,  in  1-cm 

band,  142 
Sector  scan,  7,  168,  174,  175,  177,  180, 

183,  200,  208,  233 
Selectron,  dielectric  constants  of,  409 

loss  tangents  of,  409 
Selsyns,  9,  167 
Servo,  199 
Servomechanisms,  9,  211-238 

speed  of,  229 
Servomotor,  212,  218-220 
SG  radar  set,  13 
Shafts,  rotating,  sealing  of,  140 
Shearing  force,  385 
Sheet,  attenuation  in,  291 

dielectric,  quarter-wavelength,  273 

reflection  by,  theory  of,  354-360 

transmission  by,  theory  of,  354-360 
(See  also  Plane  lossless  sheet;  Plane 

lossy  sheet) 

Ship,  roll  and  pitch  of,  104 
Shock,  164 
Shock  loading,  129 


Shock  mounts,  130 
Side  lobe,  250 
Silver  plating,  142 

Skin,  of  modified  half -wavelength,  322- 
327 

reflection  from,  252 

Skin  resin,  effect  of,  on  transmission,  332 
Skin  thickness,  315 

effect  of,  317 

effective,  281 

tolerances  in,  320 
Slater,  J.  C.,  328 
Slats,  22 
Slip-ring  assembly,  76 

cylindrical,  78 

pancake,  78 
SM  radar  set,  232 
Smith,  398 
SO-11  radar  set,  13 
SP-1M  antenna  mount,  86 
Spacers,  273 
Span /depth  ratio,  385 
Stabilization,  178,  194-210 

line-of-sight  (see  Line-of-sight  stabiliza- 
tion) 

pitch,  198 

roll  (see  Roll  stabilization) 

stable-base,  195 

tolerances  in,  201 
Stable  element,  105,  113,  116,  196 
Stable  vertical,  113,  116,  196,  197,  206, 
-  217,  234 

Radiation  Laboratory,  128 
Steele,  E.  R.,  282,  313 
Stiffness,  general  evaluation  of,  383 

of  Polyfibre,  388 
Stiffness  rating,  415,  416 
Strength,  general  evaluation  of,  383 

of  Polyfibre,  388 
Strength  rating,  415,  416 
Styron,  372 
Suen,  T.  J.,  409 
Surfaces,  special,  30 
Synchro,  9,  167,  205,  223 
Synchro,  differential,  9 
Synchro  generator,  224 
Synchro  receiver,  224 


Take-off,  167,  169 

Targets,  angular  position  of,  shift  of,  249 
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Temperature,  162,  163 
Template,  26 

for  astigmatic  paraboloids,  29 
Tension  test,  normal,  404 
Test  equipment,  454 
Test  jig,  400 

Test  methods,  structural,  454-456 
Thyratron,  221 
Tietjens,  419 
Tilt,  170 

Timoshenko,  S.,  424 
Titanium  dioxide,  412 
Tolerances,  in  core  thickness,  319 

in  dielectric  constant  of  core,  320 

in  dielectric  constant  of  skin,  321 

in  half-wavelength  thickness,  264 

for  modified   half-wavelength    panels, 
298 

for  sandwiches  with  thin  skins,  319 

in  skin  thickness,  320 

in  stabilization,  201 
Torque  tube,  76 
Torques  from  wind  loads,  36 
Tracking,  62 

automatic,  225 
Train  angle,  107 
Train  axis,  105 
Train  order,  463 
Trammel  linkage,  67,  68 
Transmission,  by  sandwiches,  theory  of, 
360-365 

apparatus  for  testing,  443 

of  sandwiches,  experimental  methods 

of,  329 

experimental  results  on,  329-338 
general  considerations  for,  306 

by  sheet,  theory  of,  354-360 
Transmission  line,  157,  165,  184 

r-f,  73 

Transmission  loss,  of  A^-ha If- wavelength 
panels,  271 

of  sandwiches,  theory  of,  364 


Transmission  tests,  apparatus  for,  443 
Turbulence,  420 


V-beam,  85 

V-beam  principle,  80 

Vertex  feed,  158 

Vibration,  163 

Vickers,  149 

Von  Hippel,  A.,  343,  408 

Von  Mises,  R.,  419 

W 

Warner.  E.  P.,  419 

Waveguide,  5,  165,  174,  176,  186 

flexible,  141 

Waveguide   rotary   r-f  joint,   mode   ab- 
sorber, 141 

Wavelength    thickness,   half-    (see    Half- 
wavelength  thickness) 
Weber,  Bert  W.,  171 
Wesson,  L.  G.,  408 
Wet  lay-up,  single-stage,  380 

two-stage,  382 
Whitcher,  S.  L.,  408 
Wind,  156,  227,  232,  233 
Wind  forces,  212 
Wind  loads,  torques  from,  36 
Windage,  184 
Wobble  joint,  94,  167 

r-f,  69 

Wood,  metalized,  19 
Worm  gearing,  138 
Worm  gears,  227 


Young's  modulus,  385 
Younger,  J.  E.,  424 


